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ABSTRACT 
This dissertation summarizes the current state-of-the-art in the field of biodegradable 
thermosensitive copolymers, which in the form of aqueous sol at room temperature change to 
gel at body temperature. These polymer materials are useful in medicine for injection 
application as drug carriers or resorbable implants for tissue regeneration. 
In experimental work, thermosensitive amphiphilic triblock copolymers based on 
hydrophobic biodegradable polylactide and polyglycolide and biocompatible hydrophilic 
polyethylene glycol (PLGA–PEG–PLGA) were synthesized using vacuum line apparatus. 
Prepared PLGA–PEG–PLGA copolymer with two phase transitions from sol-gel and gel-
suspension was subsequently modified with itaconic anhydride. The resulting functionalized 
ITA/PLGA–PEG–PLGA/ITA copolymer contains at both ends of chains reactive double 
bonds suitable for further polymerization or crosslinking and functional carboxyl group for 
possible modification by biological active substances. Physical and chemical crosslinking 
were also investigated in terms of the ratio of hydrophilic and hydrophobic chains and with 
a view of the amount of bounded itaconic acid. 
Prepared aqueous solutions of synthesized ITA/PLGA–PEG–PLGA/ITA copolymer 
change to a gel at the temperature between 33 and 43 °C. The evaluated critical gel 
concentration and the critical gel temperature was 6 % w/v and 34 °C, respectively, for the 
copolymer with PLGA/PEG ratio equal to 2.5. When the copolymer was more hydrophobic, 
then start of gelation became earlier and gel was more hydrolytically stable. Gel stiffness 
increased with increasing PLGA/PEG ratio and it depends on methods and type of solvent 
used during purification of copolymer. Prepared ITA/PLGA–PEG–PLGA/ITA copolymers 
were crosslinked using blue light without further crosslinker. Hydrolytical stability of ITA 
modified samples was significantly improved and increased in direct proportion with the both 
increasing time of crosslinking and the amount of double bonds attached to polymer chains. 
Sample having 63 % of ITA crosslinked for 40 mins fully degraded in water after 32 days. By 
proton NMR relaxometry it was found that while the sample has been swelled in water (after 
12 hours) the amount of unbonded water reduces and gradually diffuses into cavities on the 
surface of sample and slowly changed to both weakly bonded water and strongly bonded 
water to polymer chains. Weakly bonded water began release from sample and changed back 
to the free water, when sample start to degrade and nodes and gel network begin to break.   
However, the thermal stability of chemically crosslinked samples increased only up to 
20 minutes of crosslinking time where approximately 57 % of double bonds of itaconic acid 
(at 1640 cm
-1
) were transformed to the new single RR'C–CHR'' bonds at 795 cm-1 ones 
by making crosslinks proved by ATR-FTIR. Longer crosslinking time (above 30 minutes) led 
to changes in chemical structure by beta-scission of chain and partially by recombination 
of double bonds. Rediscovery of new double bonds in different place of the chain reduced 
both the thermal stability and glass transition temperature from 242 °C to 237 °C and from  
-2.2 °C to -5.8 °C, respectively. The proposed thesis shows how the polymer composition, 
modification by functional groups and physical conditions affect either the physical or 
the chemical crosslinking of prepared amphiphilic copolymers. The control of both 
hydrolytical and thermal stability of hydrogels is needed mainly in drug release and tissue 
regeneration. 
KEYWORDS: 
synthesis, biodegradable copolymer, itaconic anhydride, physical crosslinking, chemical 
crosslinking, sol-gel phase transition, swelling 
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ABSTRAKT 
 
Předložená disertační práce shrnuje současné poznatky v oblasti termosenzitivních 
biodegradabilních kopolymerů, které ve formě vodného solu gelují při teplotě lidského těla. 
Tyto polymerní materiály jsou použitelné v medicíně pro injekční aplikace jako nosiče léčiv 
či resorbovatelné implantáty pro regeneraci tkání.  
V experimentální práci byly pomocí vakuové linky syntetizovány termosenzitivní 
amfifilní triblokové kopolymery na bázi biodegradabilního hydrofobního polylaktidu a 
polyglykolidu a biokompatibilního hydrofilního polyethylenglykolu (PLGA–PEG–PLGA). 
Připravený PLGA–PEG–PLGA kopolymer se dvěma fázovými přechody sol-gel a gel-
suspenze byl následně modifikován anhydridem kyseliny itakonové. Výsledný 
funkcionalizovaný ITA/PLGA–PEG–PLGA/ITA kopolymer obsahuje na koncích řetězců 
reaktivní dvojné vazby vhodné k další polymeraci či síťování a karboxylové skupiny pro 
případné modifikace biologicky aktivními látkami. Fyzikální i chemické síťování bylo dále 
sledováno jak z hlediska poměrů hydrofilního a hydrofobního řetězce, tak i z hlediska 
množství navázané kyseliny itakonové.  
Vodné roztoky syntetizovaného ITA/PLGA–PEG–PLGA/ITA kopolymeru gelují 
v rozmezí teplot 33 - 43 °C. Kritická gelační koncentrace byla 6 % a kritická gelační teplota 
34 °C pro kopolymer s poměrem PLGA/PEG = 2,5. Čím je kopolymer více hydrofobní, tím 
geluje dříve a je více hydrolyticky stabilní. Tuhost gelu stoupá se zvyšujícím se poměrem 
PLGA/PEG a je závislá na typu rozpouštědla použitého při přečišťování kopolymeru. 
Připravené ITA/PLGA–PEG–PLGA/ITA makomonomerů byly síťovány pomocí modrého 
světla bez dalšího síťovadla. Hydrolytická stabilita vzorků modifikovaných pomocí ITA se 
výrazně zlepšila a zvýšila v přímé úměře jak s rostoucí dobou síťování, tak s množstvím 
dvojných vazeb na koncích řetězců. Vzorek s 63 mol% ITA síťovaný 40 minut ve vodě zcela 
zdegradoval po 32 dnech. Protonovou NMR relaxometrií bylo zjištěno, že když vzorek ve 
vodě nabotnal (po cca 12 hodinách), množství nevázané vody se začalo snižovat a postupně 
difundovat do kavit na povrchu vzorku a pomalu se měnit na slabě a pevně vázanou vodu na 
polymerní řetězce.  
Nicméně, termální stabilita chemicky síťovaných vzorků vzrůstala pouze do 20 minut 
síťování. Pomocí ATR-FTIR bylo prokázáno, že se přibližně 57 % dvojných vazeb kyseliny 
itakonové (při vlnové délce 1640 cm-1) přeměnilo na nové jednoduché RR'C-CHR'' vazby při 
vlnové délce 795 cm-1. Delší čas síťování (nad 30 minut) vedl ke změnám v chemické 
struktuře pomocí beta-štěpení řetězců a částečné rekombinaci dvojných vazeb. Díky vzniku 
nových dvojných vazeb v jiných částech řetězce se snížila termální stabilita z 242 °C na 
237° C a teplota skelného přechodu z -2,2 na -5.8 °C. Předložená práce popisuje, jak složení 
polymeru, modifikace funkčními skupinami a fyzikální podmínky ovlivňují fyzikální a 
chemické síťování připravených amfifilních kopolymerů.  Kontrola hydrolytické a termální 
stability hydrogelů je zapotřebí zejména při uvolňování léčiv a regeneraci tkání.  
 
 
 
 
KLÍČOVÁ SLOVA: 
syntéza, biodegradabilní kopolymer, anhydrid kyseliny itakonové, fyzikální síťování, 
chemické síťování, sol-gel fázový přechod, botnání 
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1 INTRODUCTION 
Efforts to emulate natural materials, which contain both hydrophilic and hydrophobic 
properties, have led to the development of amphiphilic biocompatible synthetic polymers. 
This classification included hydrogels, made by crosslinking (chemical or physical) 
of polymer chains, which are significant for their special surface and physical properties with 
the ability to absorb more than 20 % of water in proportion to their total weight. The hydrogel 
swelling ratio is influenced by the hydrophilic character and density of polymer network. 
Biomedical application of hydrogels is very broad, from the contact lenses over diagnostic 
and therapeutic instruments to implantable biosensors for the short or long time. In addition, 
biodegradable hydrogels include the ability to tailor mechanical properties and degradation 
kinetics to suit various applications has such as sustained drug delivery release, cell therapy, 
wound dressing, orthopedic adhesive and scaffolds for tissue engineering. 
Recently, “smart hydrogels” with the swelling or shrinking ability driven by external 
stimuli have been prepared. This sensitivity to the ambient environment can be driven 
by changing the temperature, pH, ionic character, electric fields, solvents, pressure, light 
or strain. Temperature-sensitive hydrogels are probably the most commonly studied class 
of environment-sensitive polymer systems in drug delivery research. These hydrogels are able 
to swell or deswell as a result of changing in the temperature of the surrounding fluid. For 
convenience, temperature-sensitive hydrogels are classified into negatively thermosensitive, 
positively thermosensitive, and thermally reversible gels.  
Thermoreversible biodegradable gels based on block copolymers consisting 
of a hydrophobic polyester segment like poly(D,L-lactic acid) (PLA), poly(glycolic acid) 
(PGA) or poly(caprolactone) and a hydrophilic poly(ethylene glycol) (PEG) segment have 
attracted large attention due to their biodegradability and biocompatibility. A wide variety 
of drug formulations, such as micro/nano-particles, micelles, hydrogels, and injectable drug 
delivery systems have been developed using various types of PLGA/PEG block copolymers. 
The biodegradation rate and hydrophilicity of block copolymers can be modulated 
by adjusting the ratio of its hydrophilic and hydrophobic constituents. Usually, block 
copolymers have shown quite different properties when compared to each constituting 
polymers. While these thermoreversible gels increase the hydrogel applicability as injectable 
implants and biodegradable matrix for the controlled drug delivery systems without surgery, 
on the other hand, the reversible physical network, the phase-transition temperature range and 
low degree of functionality limit the application for other branches. Due to the modification 
of copolymers by itaconic anhydride (ITA) the application area is widened. Bonded ITA 
brings reactive double bonds, thus these copolymers can be cross-linked either chemically 
or physically, and functional carboxylic acid groups suitable for coupling with bioactive 
material. 
The goal of proposed work is synthesis, characterization and modification of poly(D,L-
lactic acid-co-glycolic acid)-b-poly(ethylene glycol)-b-poly(D,L-lactic acid-co-glycolic acid) 
(PLGA–PEG–PLGA) copolymers in “one pot” with itaconic anhydride (ITA). The effect 
of polymer molecular weight, the PLGA/PEG weight ratio and molar ratio of D,L-LA/GA on 
sol-gel phase transitions has been investigated. Moreover, the effect of the amount of ITA was 
studied in terms of the chemical crosslinking efficiency. 
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2 LITERATURE REVIEW 
2.1 Hydrogels 
Hydrogels are three-dimensional cross-linked networks (Fig. 1). The hydrophilicity 
of the network is due to the presence of chemical residues such as hydroxyl (–OH), carboxylic 
(–COOH), amidic (–CONH–), primary amidic (–CONH2) and sulfonic (–SO3H) in polymers 
forming their structures [1]. Quantity of water in the polymer is from 20 % up to 99 %. 
Hydrogels are able to swell and retain a significant amount of water or biological fluids. 
Content of absorbed water impacts different properties like swelling and mechanical 
properties, permeability, surface properties and biocompatibility. The swelling characteristics 
of the hydrogels are affected by several factors such as nature of the polymer, hydrogel 
microstructure, temperature, pH, solvent composition and ionic concentration [2,3]. 
 
 
 linear polymer  polymer network  hydrogel 
 
Fig. 1: Schema of hydrogel, where black points are crosslinks of polymer chain and blue 
circles are solvent molecules absorbed by hydrogel. 
 
Hydrogels can by classified in several ways. According to their composition, they can 
be classified into natural and synthetic hydrogels. Natural polymers (e.g. hyaluronic acid, 
chitosan, collagen, and dextran) have been commonly used in tissue engineering because they 
are components of bones, skin and other living tissues or have properties comparable like 
natural extracellular matrix. Synthetically based hydrogels (e.g. poly(N-isopropylacrylamide-
co-acrylamide, poly(2-hydroxyethyl methacrylate hydrogels) and biodegradable copolymers 
based on polylactide (PLA), polyglycolide (PGA), poly(ε-caprolactone) (PCL) and 
polyethylene glycol (PEG) are attractive because their physical and chemical properties such 
as molecular weight, specific block structures and degradable linkages at biodegradable 
polymers are typically more controllable and reproducible than those of natural polymers. 
On the basic of the ionic charge they can be classified as neutral, anionic, cationic and 
amphiphilic hydrogel. Other classification is based on a method of preparation (homopolymer 
and copolymer) or way of cross-linking (chemical and physical hydrogels) [4-6]. 
 
2.1.1 Swelling 
The ability to swell is one of the most important characteristics of hydrogel. When dry 
hydrogel starts absorb water, water molecules diffuse into hydrogel and hydrate hydrophilic 
groups which lead to the formation of primary bound water. As the hydrophilic groups are 
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hydrated, hydrogel swells and part of the chains are broken and exposes hydrophobic groups. 
This leads to formation of secondary bound water.  Additional swelling water is divided 
into two parts. One part of water in gel is non-bounded (free water) and can be mechanically 
removed. The second part is hydrated water (bulk water), which can be removed 
by drying [5,7,8]. 
The state of swelling is characterized by the mass degree of swelling (Q) – water content 
(eq. 1), where wd and ws represent weight of dry and swollen hydrogel in the time t from 
beginning of measurement, respectively. Degree of swelling is dependent on the amount 
of solvent absorbed by the gel, pH and temperature. Swelling ratio (SR) can be calculated 
according to eq. 2 [9,10]. 
  
   %100
d
ds
w
ww
Q  (1) 
 
 
d
s
w
w
SR   (2) 
 
2.1.2 Crosslinking 
Hydrogels are formed by physical or chemical crosslinks. Polymer chains of physical gel 
are connected by non-covalent bonds, such as ionic interactions, van der Walls interactions, 
hydrogen bonding or hydrophobic interactions. Hydrogen and other non-covalent bonds are 
much weaker than covalent bonds. Physical crosslinking can be reached by reversible change 
of temperature, pH, ionic strength or electric fields. On the other hand, polymer chains 
of chemical gel are connected by covalent bonds, so it is difficult to change shape of gel [11]. 
Covalent interactions are much stronger than non-covalent. Chemical crosslinking methods 
include high energy irradiation, chemical reaction of complementary groups, radical 
polymerization and enzyme usage [6,12]. 
 
2.1.3 Applications 
The physical properties of hydrogels make them attractive for various biomedical and 
pharmaceutical applications like drug delivery devices, temporary vascular grafts, stents, 
contact lenses, biosensors, sutures, orthopedic fixation devices, wound dressings and different 
types of tissue engineered grafts. Examples of applications are shown in Fig. 2. 
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Fig. 2: Application of hydrogels. 
 
2.2 Biodegradable Polymers 
Biodegradable polymers are attractive for temporary medical applications. These 
polymers are fully resorbable and due to their minimal site-to-site and patient-to-patient 
variations they are preferred as implants. Biodegradable polymers are defined as polymers 
with hydrolyzable functions, such as ester, urethane and amine. These polymers degraded to 
waste products that are excreted from the body or to nontoxic products as carbon dioxide and 
water by Krebs cycle. Main categories of biodegradable polymers are polyesters, like  
poly(ε-caprolactone) (PCL) [18-20], poly(hydroxybutyrate) (PHB) [21-23], 
polyhydroxyvalerate (PHBV) [18, 24, 25]. But mainly are used poly (α-hydroxyacids), where 
polylactide (PLA) [26-28], polyglycolide (PGA) [29] and their copolymers poly(lactic-co-
glycolic) acid (PLGA) are the most widely known, studied and used in medicine [30,31]. 
Synthesis, properties and biodegradability of these polymers are discussed below. 
2.2.1 Lactic Acid and Polylactide 
Lactic acid is polyester which exists in two optical isomers, L- and D-lactic acid or their 
racemic mixture (D,L-). Both enantiomers are produced in bacterial systems, thus lactic acid 
e) 
b) contact lenses [14] a) dressing for healing 
of burns [13] 
c) biodegradable implant [15] 
d) stents [16] e) polymeric drug release [17] f) injectable bone adhesive 
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can be obtained either by fermentation, selecting suitable microorganism, e.g. homo-lactic 
organisms, or by chemical synthesis. Various optimized or modified species of Lactobacilli 
produce stereoregular L-lactic acid. However, lactic acid obtained by the chemical process is 
a racemic mixture of D- and L- isomers [32]. 
Lactide (LA) is the cyclic diester of lactic acid and occurs in three optically active 
configurations: D-lactide, L-lactide and meso-lactide (Fig. 3). It is a hydrophobic polymer due 
to the presence of –CH3 side groups. Polylactide is aliphatic polyester produced from lactide 
by ring opening polymerization in the presence of catalyst (Fig. 4) [33, 34]. 
 
 
 
 
 
 
 
 
 
Fig. 3: Different isomeric forms of lactide. 
 
 
Fig. 4: Ring opening polymerization of lactide to polylactide. 
 
Pure poly(L-lactide) (L-PLA) is semicrystalline polymer with a glass transition 
temperature between 60 – 65 °C and melting point of about 180 °C. It has good tensile 
strength, low extension and high modulus (4.8 GPa). Polymers prepared from meso- and 
racemic-lactide, poly(D,L-lactide) (D,L-PLA) are amorphous and has a glass transition 
temperature in the range of 55 – 60 °C. Both polymers are fully degradable, but 
the amorphous D,L-PLA is faster degrading polymer than semicrystalline L-PLA. 
PLA undergoes scission of chains in the host body to monomeric units of lactic acid, which 
is a natural intermediate in carbohydrate metabolism. These characteristics make this polymer 
suitable for use in resorbable sutures, carriers for the controlled release of drugs, implants for 
orthopaedic surgery or blood vessels, which finally can be replaced by living tissues [35, 36]. 
2.2.2 Glycolic Acid and Polyglycolide 
Glycolic acid is the smallest α-hydroxy acid. It can be isolated from natural sources such 
as sugar cane and sugar beets. It is as well produced enzymatically using biochemical process 
or chemically by treating formaldehyde with carbon monoxide and water in the presence 
of acid catalyst at high temperature and pressure [29]. 
L-lactide D-lactide meso-lactide 
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Polyglycolide (PGA) is the simplest linear aliphatic polyester and it is characterized 
by hydrolytic instability owing to the presence of the ester linkage in its backbone. PGA can 
be synthesized from glycolide (GA) in the presence of inorganic metal salt catalyst 
by polycondensation or ring opening polymerization (Fig. 5). PGA is highly crystalline 
polymer (45 – 55 % crystallinity) with high melting point (220 °C) and glass transition 
temperature between 35 – 40 °C therefore exhibiting a high tensile modulus with very low 
solubility in organic solvents [37]. 
 
 
Fig. 5: Ring opening polymerization of glycolide to polyglycolide [38]. 
 
The degradation process is erosive and appears to take place in two steps during which 
the polymer is converted back to its monomer glycolic acid:  firstly, water diffuses into 
the amorphous (non-crystalline) regions of the polymer matrix, cleaving the ester bonds; 
the second step starts after the amorphous regions have been eroded, leaving the crystalline 
portion of the polymer susceptible to hydrolytic attack. Upon collapse of the crystalline 
regions the polymer chain dissolves [32]. 
Use of PGA has initially been limited by low solubility and its high rate of degradation. 
In order to improve these properties to broader range of biomedical application, PGA is 
frequently used in combination with PLA as poly(lactic-co-glycolic acid) copolymer. 
2.2.3 Poly(lactic-co-glycolic acid) 
Poly (lactic-co-glycolic acid) (Fig. 6) copolymers were among the few synthetic 
polymers approved for human clinical use in 1966. High-molecular weight PLGA copolymer 
is commonly prepared by ring-opening polymerization of the cyclic dimers of lactic and 
glycolic acids, i.e., dilactide and diglycolide in the presence of catalysts. PLGA exhibits better 
properties, lower crystallinity and melting temperature, than both PLA and PGA [29]. 
 
 
 
 
 Fig. 6: Building units of poly(lactic-co-glycolic acid). 
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The rate of polymer degradation may affect many cellular processes, including cell 
growth, tissue regeneration, and host response. The degradation products are endogenous 
compounds (lactic and glycolic acid) and as such are nontoxic. These acids then enter to 
the Krebs’ cycle and are eliminated as water and carbon dioxide. The presence of ester 
linkages in the polymer backbone allows gradual hydrolytic degradation – resorption. 
The rate of PLGA copolymer degradation can be controlled by the ratio of PGA and PLA 
as is shown in Fig. 7 [31, 39]. 
 
 
Fig. 7: Half-life time of L-PLA and PGA copolymers [40]. 
 
The major popularity of PLGA copolymers can be attributed to controllable degradation 
rate and good processability, which enables fabrication of a variety of structures and forms 
for use in biomedicine for human body (e.g. resorbable sutures, stents, screws etc.). PLGA 
demonstrates good cell adhesion and proliferation making it a potential candidate for tissue 
engineering. Various studies have been performed so far using micro- and nano-fabrication 
techniques to form three-dimensional scaffolds based on PLGA. 
In order to increase the PLGA hydrophilicity and biocompatibility, the poly(ethylene 
glycol) is usually used for copolymerization. Amphiphilic PLGA/PEG copolymers can 
be water soluble and thus applicable as injectable drug delivery systems. 
2.2.4 Poly(ethylene glycol) 
Poly(ethylene glycol) (PEG) is a hydrophilic, non-ionic polymer. Chemical structure 
is shown in Fig. 8. PEG is prepared by polymerization of ethylene oxide and is commercially 
available over a wide range of molecular weight from 300 to 10 000 g∙mol-1. It is known for 
its biocompatibility and low toxicity. It has been approved by the FDA for internal 
consumption [41]. It can make a surface highly resistant to biological fouling, and can reduce 
protein adsorption and resistance to bacterial and animal cell adhesion. Since it is very well 
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soluble in water and many organic solvents, it can also be readily eliminated from the body 
by body fluids [42]. 
 
 
Fig. 8: The chemical structure of poly(ethylene glycol) (PEG). 
2.2.5 PLGA/PEG Copolymers 
Block copolymers consisting of a hydrophobic PLGA/PEG polyester segment and 
a hydrophilic PEG segment have attracted large attention due to their biodegradability 
and biocompatibility. A wide variety of drug formulations, such as micro/nano-particles, 
micelles, hydrogels, and injectable drug delivery systems have been developed using various 
types of PLGA/PEG block copolymers. The biodegradation rate and hydrophilicity of block 
copolymers can be modulated by adjustment the ratio of its hydrophilic and hydrophobic 
segments. Usually, block copolymers have shown quite different properties when compared 
to each constituting polymers. Various kinds of block copolymers can be classified according 
to their block structure as AB diblock, ABA, or BAB triblock, multi-block, branched block, 
star-shaped block, and graft block copolymers, in which A is a hydrophobic block  
(e.g. L-PLA, D-PLA, D,L-PLA, PCL, PLGA) and B is a hydrophilic PEG block. 
 
2.2.5.1 PLGA–PEG–PLGA Triblock Copolymer 
Since the poly(ethylene glycol) has reactive hydroxyl groups at both ends it might 
be used as macroinitiator for lactide and glycolide polymerization. Poly(D,L-lactic acid-co-
glycolic acid)-b-poly(ethylene glycol)-b-poly(D,L-lactic acid-co-glycolic acid (PLGA–PEG–
PLGA) triblock copolymer containing hydrophilic PEG blocks and hydrophobic PLGA 
blocks is usually obtained by a bulk polymerization using tin octoate as a catalyst (Fig. 9). 
After formation of the initiator complex between PEG and tin octoate, the PLA, PGA and 
PEG blocks are attached by ring opening polymerization [43]. 
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Fig. 9: Mechanisms of PLGA–PEG–PLGA copolymer polymerization. 
 
It is known that structure and type of copolymer have influence on physical crosslinking 
and thermogelling properties of resulted copolymers investigated as sol-gel phase transitions. 
 
 
2.3 Physical Crosslinking 
Biodegradable block copolymers prove thermogelling abilities and exhibit a phase 
transition behavior. It means that copolymer solution (free flowing sol) generate 
spontaneously gel by physical crosslinking over a micelle formation after the change 
of temperature. These properties make copolymers candidates as injectable hydrogels for cell 
therapy and delivery system. Based on the structural type of copolymers, in Fig. 10 there are 
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shown three types of phase transition diagrams–a) sol-gel-sol with two phase transitions and 
either b) gel-sol or c) sol-gel with one physical transition.. Phase transition diagrams 
are characterized by critical gel temperature (CGT) and critical gel concentration (CGC). 
CGC describes lowest concentration of polymer solution above which the polymer solution 
starts to form gel. Similarly CGT describes the temperature of CGC at which the micelle 
formation occurs and polymer solution changed from sol to gel. 
 
 
 
     a)          b)             c) 
Fig. 10: Typical phase transition diagrams with a) sol-gel-sol transition, b) gel-sol transition 
and c) sol-gel transition [44]. 
 
Based on the literature searching, we found that there exist up to now 16 types 
of amphiphilic biodegradable copolymers based on PLA, PGA, PCL and PEG having one or 
two sol-gel phase transitions. Tab. 1 summarizes all biodegradable amphiphilic copolymers 
we have discovered as well as with their references and field of interest. 
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Tab. 1: Various types of copolymers having sol-gel. 
No. Copolymer Type No. of transitions Field of study Ref. 
1. PEG–L-PLA diblock 
1                   
(gel to sol) 
-  influence of molecular structure, block length and 
hydrophobic/hydrophilic balances on phase transition behavior 
Jeong 1999 [45] 
Choi 1999 [46] 
2. PEG–D-PLA diblock 
1                 
(gel to sol) 
 –||– Jeong 1999 [45] 
3. PEG–PLGA diblock 
1                 
(gel to sol) 
 –||– 
Jeong 1999 [45] 
Choi 1999 [46] 
4. PEG–PLGA diblock 
1              
(gel to sol) 
- sol-gel phase transition Choi 1999 [46] 
5. PEG–PCL/D,L-PLA diblock 
1                  
(gel to sol) 
 –||– Jeong 1999 [45] 
6. PEG–PCL diblock 
1             
(gel to sol) 
 –||– Jeong 1999 [45] 
7. PEG–L-PLA–PEG triblock 2 
- sol-gel-sol phase transition 
- sustained release characteristics of drug and protein 
Jeong 1999 [45] 
- carriers for paclitaxel release 
- synthesis of copolymers 
- formulation and characterization of the nanoparticles  
- drug release behavior 
- immunouptake 
He 2007 [47] 
8. PEG–PLGA–PEG triblock  2 
- influence of additives addition on phase transition 
- micellization of triblock on water (by 13C-NMR) 
- dye solubilization method (by light scattering) 
Jeong 1999 [48] 
Jeong 1999 [49] 
- thermogelling behaviors  
- turbidity changes of gels depending on temperature  
Park 2004 [50] 
 
- gene delivery carrier in skeletal muscle 
- effects of polymer on the surface properties of pDNA 
Chang 2007 [51] 
 
- application in different tissues, particularly in cutaneous diabetic 
wounds 
Lee 2007 [52] 
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No. Copolymer Type No. of transitions Field of study Ref. 
9. L-PLA–PEG–L-PLA triblock 
1                
(gel to sol) 
-  stereocomplexation 
-  application of this-forming dispersion (stereocomplex of copolymers) 
to biomedical devices 
Fujiwara 2001 [53] 
-  rheological date on aqueous gel formed from triblock copolymers 
-  dependence of viscoelastic module on frequency and applied stress 
Aamer 2004 [54] 
-  carriers for paclitaxel release 
-  synthesis of copolymers 
-  characterization of the nanoparticles 
-  drug release behavior 
-  immunouptake 
He 2007 [47] 
10. D-PLA–PEG–D-PLA triblock 
1                 
(gel to sol) 
-  stereocomplexation 
-  application of this-forming dispersion (stereocomplex of copolymers) 
to biomedical devices 
Fujiwara 2001 [53] 
11. PLGA–PEG–PLGA triblock 2 
-  influence of molecular structure, block length and 
hydrophobic/hydrophilic balances on phase transition 
Lee 2001 [55] 
-  micellar gelation Shim 2001 [56] 
-  temperature-responsive copolymers with different LA/GA molar ratio 
from ReGel 
-  influence of LA/GA molar ratio on the drug release 
-  hydrogel erosion 
Qiao 2005 [57] 
-  PLGA loaded microspheres of ganciclovir were suspended in PLGA-
PEG–PLGA 
-  gel and release 
Duvvuri 2005 [58] 
-  sol-gel phase transition 
-  end-capping the triblock by acetic and propionic anhydride in order to 
enhance the thermogelling behavior 
Yo 2007 [59] 
-  effect of precipitate agents used at synthesis of copolymers on their 
thermogelling aqueous behaviors 
Zhang 2008 [60] 
-  suitability of copolymers as a polymer therapeutic 
-  potential treatment of superficial chemical and thermal corneal burns 
-  morphology of the copolymers 
-  viscoelastic properties in vitro and in vivo biocompatibility 
Pratoomsoot 2008 
[61] 
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No Copolymer Type No. of transitions Field of study Ref. 
12. PCL/L-PLA–PEG–PCL/L-PLA triblock 2 -  sol-gel phase transition Jo 2006 [62] 
13. PCL–PEG–PCL triblock 2   –||– Liu 2007 [63] 
14. PEG–g–PLGA graft 
1                
 (sol to sol) 
-  in vivo feasibility of diabetic control and tissue engineering 
by using aqueous solution of these grafts copolymer  
Jeong 2002 [64] 
15. PLGA–g–PLGA graft 
1                
 (sol to sol) 
  –||– Jeong 2002 [64] 
-  various compositions and molecular weight gels with 
tailored gelation temperature 
Tarasevich 2008 
[65] 
16. PEG–L-PLA 
alternating 
multiblock 
2 
-  physicochemical properties and in situ gel forming ability 
of polymer aqueous solution 
Lee 2006 [66] 
PEG – poly(ethylene glycol), L-PLA – poly(L-lactide), D-PLA – poly(D-lactide), D,L-PLA – poly(D,L-lactide), PCL – poly(ε-caprolactone), PLGA – poly(D,L-lactic acid-
co-glycolic acid) 
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2.3.1 Sol-gel Transition of Diblock Copolymers 
Choi et al. [45] and Jeong et al. [46] synthesized and studied phase behavior  
of PEG–L-PLA, PEG–L-PLA/PGA and PEG–PLGA diblock copolymers. In dependence on 
copolymers structure all gel-sol phase transitions showed area of gel phase in range 
of 0 - 80 °C. Aqueous solutions of PEG–L-PLA diblock copolymers showed the gel-to-sol 
transition with an increase of temperature and polymer concentration above CGC. Transition 
temperature can be adjusted by changing concentration of the copolymer in solution 
or changing composition of diblock copolymer. Following table (Tab. 2) summarized 
the possibility of influence of sol-gel transition shifts, critical gel temperature and critical gel 
concentration. 
 
Tab. 2: Possibility of affecting sol-gel phase transitions and properties of individual diblock 
copolymers. 
Copolymer Changes Effect 
PEG–L-PLA  L-PLA block length 
 CGC,  CGT 
widening gel zone 
PEG– L-PLA/PGA  L-PLA block length 
very slightly  CGC,  CGT 
slightly widening gel zone 
PEG–PLGA  D,L-PLA block length 
 CGC,  CGT 
narrowing gel zone 
 
2.3.2 Sol-gel of Triblock Copolymers 
2.3.2.1 L-PLA–PEG–L-PLA and D-PLA–PEG–D-PLA 
Fujiwara et al. (2001) discovered thermoresponsive hydrogel formation in an aqueous 
dispersion of the enantiomeric triblock copolymers, L-PLA-PEG-L-PLA and D-PLA-PEG-D-
PLA, usable for biomedical devices. Hydrophobic L-PLA and D-PLA segments of these 
copolymers aggregate to form hydrophobic core region which is surrounded 
by the hydrophilic PEG blocks. For that reason, L-PLA and D-PLA segments are isolated 
from each other when the separately prepared dispersion of L-PLA-PEG-L-PLA and  
D-PLA-PEG-D-PLA are mixed. The short block segments of L-PLA and D-PLA are better 
for this chain scrabbling and mixing. Within the chain mixing, stereocomplexation starts and 
suspended hydrophobic cores are crosslinked (with each other) at 37 °C. Crosslinking state 
is changed by the reorganization of the hydrophobic cores and increased crystallization 
of stereocomplex with increasing temperature. Due to the slow stereocomplexation 
the gelation of mixed dispersion is not fast and is completed at around body temperature [53]. 
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2.3.2.2 PEG–PLGA–PEG and D,L-PLA–PEG–D,L-PLA 
PEG–PLGA–PEG triblock copolymers with two sol-gel transitions were synthesized 
by coupling of two PEG–PLGA diblock copolymers by hexamethylenediisocyanate in 1999 
by Jeong et al. These copolymers were water soluble at low temperatures and transformed 
into gel state at elevated temperatures. Fig. 11 shows a typical phase diagram of PEG–PLGA–
PEG. The critical gel concentration of this block copolymer was approximately 16 wt %. 
Above CGC, aqueous solution of copolymer formed gel in a range of 30 - 70 °C depending on 
the concentration. Firstly, transparent gel was formed at the temperature between 30 - 38 °C 
then it became turbid gel which passes in translucent gel in a range of 48 - 52 °C. Upon 
further heating, the translucent gel turned to the turbid one again before the suspension 
forming [48]. 
 
Fig. 11: Phase diagram of PEG–PLGA–PEG triblock copolymer aqueous solutions, where 
filled circles indicate sol-gel transition temperature, a) transparent gel, b) turbid 
gel, c) translucent and d) turbid gel [48]. 
 
Park at al. (2004) prepared the PEG–PLGA–PEG triblock copolymer according 
to the reference [34] just with shorter PEG end blocks evaluating the phase behaviors 
by rheological analysis. They reached similar results and also confirmed by rheological 
analysis that sol-gel phase transition showed turbidity changes in four regions within the gel 
state [50]. 
 
2.3.3 PLGA–PEG-PLGA Triblock Copolymers 
PLGA–PEG–PLGA triblock copolymers (commercially used as Regel®) were developed 
in 1999 by Macromed, Inc. Sol-gel phase behavior impacted by changing different parameter, 
such as composition of the copolymer (hydrophilic/hydrophobic balance), molecular weight, 
and stability of gels were investigated. These copolymers formed gels at a concentration 
between 5 - 30 wt % and showed two transitions from sol to gel and gel to sol with increasing 
the temperature. Fig. 12 shows the phase diagrams of the triblock copolymers with constant  
LA/GA molar ratio equal to 3.0 and different PLGA/PEG weight ratio [56,67].  
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It is observed that CGC increases with increasing PLGA/PEG weight ratio. The longer 
PLGA chain in the triblock copolymers the causes stronger hydrophobic interactions. More 
bridging connections among micelles can be formed when the two end blocks are located in 
different micelles leading to a lower CGC. Increasing PLGA/PEG ratio decreases the gel-sol 
transition temperature and extends the gel zone. 
 
 
Fig. 12: Phase diagram of PLGA–PEG–PLGA triblock with the LA/GA molar ratio equal to 
3.0 and PLGA/PEG weight ratio equal to 2.9 (), 2.7 (▲), 2.5 () and 2.0 (). 
 
Fig. 13 shows the phase diagrams of the triblock copolymers with constant PLGA/PEG 
weight ratio equal to 2.7 and different LA/GA molar ratio. When the molecular weight 
of PLGA is kept constant, the gel zone decreases slightly with decreasing the LA/GA ratio. 
This indicates that the lower phase transition is less dependent on the solution concentration 
than the upper phase transition [42, 57]. 
 
 
Fig. 13: Phase diagram of PLGA–PEG–PLGA triblock with the PLGA/PEG weight ratio 
equal to 2.7 and LA/GA molar ratio equal to 2.9 (), 2.6 (▲), 1.9 () and 1.5 (). 
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The following Tab. 3 summarizes the changes in sol-gel transition diagrams – shifts in 
critical gel temperature and critical gel concentration of triblock copolymers. 
 
Tab. 3: Dependence of sol-gel phase transitions on the properties of selected triblock 
copolymers. 
Copolymer Changes Effect 
PEG–L-PLA–PEG  L-PLA block length 
 CGC,  CGT 
widening gel zone 
PEG– PLGA–PEG 
 D,L-PLA block length 
very slightly  CGC,  CGT 
slightly widening gel zone 
 PEG block length 
constant CGC,  CGT 
curve shifts vertically 
PLGA–PEG–PLGA 
 PLGA/PEG weight ratio 
 CGC,  CGT 
widened gel zone 
 LA/GA molar ratio 
slight  CGC and CGT 
widened gel zone    
end-capped by anhydride  CGC,  CGT 
 
Lee et al. [55] described micelles mechanism and Wang et al. [68] and Pratoomsoot et. 
al. [61] measured the rheological properties of PLGA–PEG–PLGA copolymer in water. 
Sol-gel phase transitions and gelation schema of the copolymer is illustrated in Fig. 14 and 
Fig. 15. 
 
 
 
Fig. 14: Sol-gel phase transition of PLGA–PEG–PLGA copolymer [69]. 
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Fig. 15: Proposed micellar gelation schema for PLGA–PEG–PLGA triblock in water during 
the thermoreversible phase transition [55]. 
 
Amphiphilic copolymers are soluble in water forming free-flowing solutions (sol) and it 
easily forms micelles below the critical gel temperature or first (lower) phase transition  
(A and B in Fig. 14). Polymeric micelles have core-shell structure. Hydrophobic PLGA 
blocks form a core and hydrophilic PEG blocks form shell. PLGA blocks can diffuse into 
different micelles and some micelles bridge together forming micellar groups (Fig. 15 - A, B). 
It generates a water-insoluble physical hydrogel (first sol-gel transition) as the temperature 
increases. Number of micelles and bridging micelle groups increase rapidly with increasing 
temperature leading to aggregation (see Fig. 15 C). If the temperature is raised further, 
the aggregation and packing interaction among micelles still increase resulting in a stable gel 
(D in Fig. 14 and Fig. 15). Second phase transition (upper) involves breakage of micellar 
structure and gel starts to collapse. PLGA chains inside the micelle shrink tightly and 
hydrophilic chains undergo dehydration (E in Fig. 14 and Fig. 15). Above the second gel-sol 
transition the polymer forms suspension followed by separation from the water (F in Fig. 14 
and Fig. 15). 
Degradation of PLGA–PEG–PLGA and release of drugs and proteins were investigated 
[43, 57, 70]. In vitro degradation showed more rapid degradation at higher temperatures. 
Complete degradation occurred after 6 - 8 weeks at 37 °C, whereas at low temperatures 
polymers were stable for 20 to 30 weeks at 5 °C and more than 2 years at –10 °C. The in vivo 
degradation after subcutaneous injection indicated that gel appearance dramatically changes 
between 2 and 4 weeks. Initial polymer gel decreased in size during first 2 weeks then they 
became a mixture of gel and viscous gel and then a completely viscous liquid without gel. 
Finally matrices were completely absorbed into the body [71]. 
 
A B C 
D E F 
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2.3.3.1 Injectable Applications of PLGA–PEG–PLGA 
PLGA–PEG–PLGA commercial copolymer named ReGel
®
 was used in the field of drug 
release (e.g. treatment of diabetes mellitus). Choi et al [72] showed controlled release 
of insulin from ReGel/insulin formulation for the treatment of Type I diabetes mellitus. 
Sustained release of insulin was observed by in vitro experiments over a period of 2 weeks. 
Insulin was dissolved into polymer solution and applied into rat’s body, where solution turned 
to gel and due to degradation of copolymer insulin started release to the body. As a result, 
it was observed that ReGel/insulin formulation was able to maintain basal insulin levels over 
a week upon a single injection. In another study, the group demonstrated glucagon like 
peptide (GLP-1) release from ReGel
®
 formulation in vitro and in vivo for treatment Type 2 
diabetes mellitus. The results showed no initial burst and a constant release for 2 weeks. 
The authors concluded that one injection of zinc-complexed GLP-1 is loaded and ReGel
®
 can 
be used for delivery of bioactive GLP-1 over 2 week’s period [73]. 
The in-situ duration of ReGel
®
 and its hydrogel properties (i.e. degradation rate, pore 
size, hydrophobicity etc.) can be selected by preparation of a specific ReGel
®
 polymer. 
Modification of the formulation is also achieved by blending characteristic of ReGel
®
 
polymers to obtain the desired properties. Thus ReGel
®
 may be used to deliver small 
hydrophobic molecules, peptides and proteins [67]. 
Another commercial copolymer is novel intratumoural injectable OncoGel
®
. In fact, it is 
ReGel
®
 enriched with mitotic inhibitor paclitaxel. OncoGel
®
 is designed for local delivery 
of paclitaxel at sustained rate over 4 - 6 weeks to solid tumors to provide targeted cytotoxicity 
without the systemic toxicities associated with conventional systemic paclitaxel delivery [74]. 
Generally, using PLGA–PEG–PLGA copolymers there is need for high concentration 
of polymer in aqueous solution in order to have the thermogelling effect. Yu et al. [59]  
end-capped the triblock by acetic and propionic anhydride to improve the thermogelling 
behavior and reduce thermogelling concentration.  Addition of the acetate and propionate end 
groups in PLGA–PEG–PLGA copolymer enhanced hydrophobic interactions among micelles 
and significantly decreased the critical gel concentration from 15 to approximately 5 wt %. 
 
2.4 Functionalization of Biodegradable Copolymers 
Biodegradable copolymers based on poly(ε-caprolactone), polylactide, and polyglycolide 
were modified by maleic anhydride [75], fumaric anhydride [76], acrylates [77], methycrylic 
anhydride [78] and (3-isocyanato propyl) triethoxysilan [79] in order to obtain either 
macromonomers with double bonds suitable for chemical crosslinking or functional  
end-groups for attaching drugs or biologically active molecules (e.g. proteins). 
For example, poly(ethylene glycol)-co-poly(glycolic acid) which has α- and ω-terminated 
hydroxyl groups, was subsequently end-capped with acrylate, methacrylate and  
2-isocyanatoethyl methacrylate [74]. By synthesis of poly(ε-caprolactone-co-lactide)-
poly(ethylene glycol) (PCLA–PEG) block copolymers with pH sensitive sulfamethazine  
pH- and temperature-sensitive biodegradable OSM/PCLA–PEG–PCLA/OSM were 
obtained [80, 69]. 
Ramos and Huang [81, 82] prepared new biodegradable amphiphilic hydrogels based on 
poly (ethylene glycol) and poly (ε-caprolactone) modified by itaconic anhydride (ITA) gained 
from renewable resources. Thus, multicomponent hydrogels with end-functional reactive 
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double bonds and carboxylic acid groups were obtained for further either biologically active 
substances modification or chemical crosslinking improving hydrolytical stability. 
2.4.1 Functionalization of Copolymers by Itaconic Anhydride 
Itaconic anhydride (ITA) with Tm of about 68 – 69 °C is shown in Fig. 16. ITA was 
prepared by heating itaconic acid already in 1880. It can be synthesized from itaconic acid 
and acetic anhydride using conventional processes of transanhydratation.  The disadvantage 
of this process is using a raw material which is expensive, namely acetic anhydride, with 
the formation of a by-product which must be eliminated, i.e., acetic acid. The reaction 
is further limited to the certain temperature in order to avoid initiation of undesirable 
polymerization reaction. A temperature below 75 °C is essential. The yields obtained by this 
process do not exceed 90 % of final itaconic anhydride [83, 84]. 
 
 
Fig. 16: Itaconic anhydride (ITA). 
 
Only few papers deal with the itaconic anhydride polymer modification obtaining 
reactive double bonds suitable for chemical crosslinking. Tururen et al. [75] studied  
poly(ε-caprolactone) functionalization by maleic and itaconic anhydride and their crosslinking 
by thermal and UV radiation. 
Novel biodegradable amphiphilic hydrogels based on PEG and PCL modified by itaconic 
anhydride were prepared by our colleagues Ramos and Huang from USA [81, 82]. They 
reported the condensation of ITA with different molecular weight of PCL-diol and PEG. 
Obtained macromonomers (PEG end-capped with itaconic anhydride and PCL-diol  
end-capped with itaconic anhydride or their combination) were crosslinked in the presence 
of tetrahydrofurane (THF), 2,2-dimethoxy-2-phenylacetophenone (DMPA) and ethylene 
glycol dimethacrylate (EGDMA) as crosslinking agent. 
Milovanović et al. [85] studied the free radical copolymerization of itaconic anhydride 
and methyl methacrylate in solution at 60 °C. Karine A. G. investigated synthesis of star PCL 
polymers functionalized by maleic anhydride and itaconic anhydride crosslinked through 
the polymerization of vinyl end groups [68]. Shang et al. described the free radical 
copolymerization and the properties of comb-like copolymers derived from renewable 
resources, itaconic anhydride and stearyl methacrylate [69, 70]. 
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3 GOAL OF THE WORK 
Biodegradable thermosensitive copolymer based on central hydrophilic poly(ethylene 
glycol) and hydrophobic poly[(lactic acid)-co-(glycolic acid)] (PLGA–PEG–PLGA) is already 
commercially known as Regel®, which is mainly used as injectable drug carrier e.g. for 
insulin [86] or in combination with Paclitaxel for healing of cancer (named OncoGel®) 
[67].This copolymer is thermosensitive and thermogelling sol-gel process is reversible. 
However, its low degree of functionality (it contains only the hydroxyl functional groups) and 
possible physical crosslinking via hydrophobic interactions limit its applications in medicine. 
The goal of the proposed work is synthesis and characterization of multifunctionalized 
amphiphilic biodegradable PLGA–PEG–PLGA copolymers, which are additionally modified 
in “one pot” by itaconic anhydride (ITA) in order to improve physical and chemical 
properties. Novel functionalized ITA/PLGA–PEG–PLGA/ITA copolymers will contain both 
reactive carbon double bonds and functional carboxylic groups, which allow crosslinking 
by covalent bonds and coupling with bioactive compounds, respectively. 
 
The objectives of the proposed thesis can be summarized in the following steps: 
1. Synthesis and chemical characterization of thermoreversible PLGA–PEG–PLGA and 
modified ITA/PLGA–PEG–PLGA/ITA copolymers. 
2. Physical crosslinking of PLGA–PEG–PLGA and ITA/PLGA–PEG–PLGA/ITA water 
solutions by temperature treatment and evaluation of viscoelastic properties. 
3. Chemical crosslinking of ITA/PLGA–PEG–PLGA/ITA copolymers by blue light and 
hydrolytical stability investigation. 
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4 EXPERIMENTAL PART 
4.1 Chemicals 
 Benzophenone ((C6H5)2CO, 99 %) was purchased from Sigma – Aldrich, Germany and 
used as received. 
 Calcium hydride (CaH2, coarse granules, < 20 mm, reagent grade, 95 %) was purchased 
from Sigma – Aldrich, Germany and used as received. 
 Camphoroquinone (CQ, 97.0 %) was purchased from Sigma Aldrich, Germany. 
 Chloroform-d 99.8 Atom % D for NMR spectroscopy was purchased from ISOSAR 
GmbH, Germany. 
 Dichloromethane (DCM, > 99.5 %) was purchased from Lach-Ner, s.r.o, Czech Republic. 
 Diethyl ether (DEE, > 99.5 %) was purchased from Lach-Ner, s.r.o, Czech Republic. 
 2-(dimethylamino) ethyl methacrylate (98.0 %) was purchased from Sigma Aldrich, 
Germany. 
 Dow Corning® High Vacuum Silicone Grease was purchased from Sigma Aldrich, 
Germany. 
 Gaseous nitrogen (99.999 %) was purchased from SIAD Czech spol. s r.o. and refined by 
drying column filled with molecular sieves and Cu catalyst. 
 Glycolide (GA, ≥ 99.9 %) was purchased from Polysciences Inc., Pennsylvania and used 
either as received or sublimated under reduced pressure (10 pa) at 60 °C. 
 Hydrochloric acid (HCl, 35.0 %) was purchased from Lach-Ner, s.r.o, Czech Republic. 
 Itaconic anhydride (ITA, > 97.0 %) was purchased from Fluka, Switzerland. 
 Potassium chloride (KCl, 99.9 %) was purchased from Lach-Ner, s.r.o, Czech Republic. 
 Potassium dihydrogen phosphate (KH2PO4, 99.9 %) was purchased from Lach-Ner, s.r.o, 
Czech Republic. 
 D,L-lactide (LA, ≥ 99.9 %) was purchased from Polysciences Inc., Pennsylvania and 
used either as received or sublimated under reduced pressure (10 pa) at 70 °C. 
 Liquid nitrogen was purchased from Linde Gas, a.s., Czech Republic. 
 Methanol (MeOH, > 99.5 %) was purchased from Lach-Ner, s.r.o, Czech Republic. 
 Phosphate buffered saline with pH equal to 7.48 (PBS 7.48) and phosphate buffered 
saline with pH equal to 9.00 (PBS 9) were prepared using NaCl, KCl, Na2HPO4, KH2PO4 
and pH adjusted by NaOH (c = 1 mol
.
dm
-3
) and/or HCl (c = 1 mol
.
dm
-3
). 
 Poly(ethylene glycol) (PEG) with Mn = 1000, 1500 and 2000 g
.
mol
-1
, were purchased 
from Sigma-Aldrich, Germany and thoroughly degassed under vacuum for 3 hours. 
 Sn(II)2-ethylhexanoate (95.0 %, Sn-octoate) was purchased from Sigma – Aldrich, 
Germany and used as received. 
 Sodium chloride (NaCl, 99.9 %) was purchased from Lach-Ner, s.r.o, Czech Republic. 
 Di-sodium hydrogen phosphate dodecahydrate (Na2HPO4
.
12 H2O, >98.0 %) was 
purchased from Lach-Ner, s.r.o, Czech Republic. 
 Sodium hydroxide (NaOH, 98.0 %) was purchased from Merci, s. r. o., Czech Republic. 
 Tetrahydrofurane (THF, > 99.5 %) was purchased from Lach-Ner s. r. o., Czech Republic 
and vacuum distilled prior the use from sodium/benzophenone. 
 Ultrapure water (ultrapure water of Type 1 according to ISO 3696) was prepared on 
Millipore purification system (MilliQ Academic, Millipore, France). 
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4.2 Equipment 
 Glass high vacuum line (hand-made at BUT, Faculty of chemistry) 
 Vacuum drying oven (Vacucell 22, BMT a.s., Czech Republic) 
 Thermoblock TK 23 (DITABIS AG, Germany) 
 Scale PB1502-S (Mettler-Toledo, s.r.o., Czech republic) 
 Elix® Essential 5 (Merck Millipore Co., Germany) 
 Analytical scale AB204-S (Mettler-Toledo, s.r.o., Czech republic) 
 TGA Q500 (TA Instruments, USA) 
 Differential scanning calorimeter 204 F1 (NETZSCH GmbH & Co, Germany) 
 Bluephase LED polymerization lamp with wavelength equal 430 – 490 nm and light 
intensity of 800 – 1200 mW.cm-2 (Ivoclar Vivadent AG, Liechtenstein) 
 FTIR-ATR, Tensor 27 (Bruker Co., Germany) 
 Christ Alpha 2-4 LSC freeze dryer (Martin Christ Gefriertrocknungsanlagen GmbH, 
Germany) 
 Drying oven (Venticell 111, BMT a.s., Czech Republic) 
 GPC Agilent Technologies 1100 Series instrument equipped with autosampler, RI and 
UV-VIS detector (Agilent Technologies, Inc., USA) 
 Rheometer TA Instruments AR-2 (TA Instruments, USA) 
 Water proof pocket-sized pH Meter S2K712 with ISFET sensors (ISFET Company, 
Japan) 
 700 MHz NMR spectrometer Bruker AVANCE III (Bruker Co., Germany) 
 500 MHz NMR spectrometer Bruker AVANCE III (Bruker Co., Germany) 
 NMR Bruker The minispec mq 7.5 NMR Analyzer (Bruker Co., Germany) 
 
 
4.3 Methods  
All polymers were synthesized using vacuum line and manifold in glass reactors by 
Schlenk’s technique under the nitrogen atmosphere (Fig. 17). 
THF solvent was distilled from benzophenone/Na
+
 and DCM from calcium hydride in 
prior the use. 
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Fig. 17: Vacuum line and manifold. 
 
4.4 Synthesis of Copolymers 
The PLGA–PEG–PLGA (ABA-type) and ITA/PLGA–PEG–PLGA/ITA (ITA–ABA–
ITA-type) triblock copolymers with different PLGA/PEG weight ratio, LA/GA molar ratio 
and length of PEG were synthesized either from sublimated or original unsublimated lactide 
and glycolide monomers via ring opening polymerization (ROP) method in a bulk under 
the nitrogen atmosphere. 
4.4.1 PLGA–PEG–PLGA Copolymers 
Detail synthesis description has been published by us previously [93]. Briefly, 
sublimated or originally purchased lactide (LA) and glycolide (GA) monomers were added to 
vacuum dried PEG and homogenized at 130 °C followed by injecting Sn(II)2-ethylhexanoate 
catalyst. Reaction proceeded for 3 hours (Fig. 18). 
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Fig. 18: Synthesis of PLGA–PEG–PLGA copolymer, where x (PEG) = 22-35, 2y (LA) = 19-
41 and 2y (GA) = 7-18. 
4.4.2 ITA/PLGA–PEG–PLGA/ITA Copolymers 
ITA functionalization proceeded in “one-pot” by two steps. Firstly, the ABA copolymer 
was prepared as mentioned above and subsequently modified in second step by itaconic 
anhydride (2.5 molar ratio to polymer) under the nitrogen atmosphere. Functionalization 
carried out in a bulk at 110 °C for certain time controlled by kinetics measurements (Fig. 19, 
second step). 
 
 
Fig. 19: Synthesis of ITA/PLGA–PEG–PLGA/ITA copolymer in “one-pot”. 
4.4.3 Copolymer Purification Methods 
The obtained crude polymers were purified from unreacted monomers and soluble low 
molecular weight polymers by one of the five purification methods using: 
1. Ultrapure water 
2. Phosphate buffered saline having pH 7.4 
3.  Phosphate buffered saline having pH 9.0 
4. Dichloromethane 
5. High temperature vacuum 
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4.4.3.1 Ultrapure Water 
The copolymer was dissolved in ultrapure water with pH = 6.7 followed by heating 
the solution up to 80 °C. Precipitated polymer was separated by decantation, dried in vacuum 
oven at 60 °C and purification was 3 times repeated. Finally the product was lyophilized until 
the constant weight and stored in a fridge. 
 
4.4.3.2 Phosphate Buffered Saline 
The copolymer was purified by the same procedure as described above except the ultrapure 
water the PBS having either pH = 7.48 (labeled as pH 7.4) or 9.0 (labeled as pH 9.0) was 
used. 
 
4.4.3.3 Organic Solvent 
The copolymers were dissolved in DCM with pH = 2.04, then precipitated in DEE with 
pH = 2.50 and dried in vacuum oven at 60 °C until the constant weight and stored in a fridge. 
 
4.4.3.4 High Temperature Vacuum 
Unreacted monomers from prepared copolymer were evaporated by heating under high 
vacuum at 150 °C for 4 hours and consequently stored in a fridge 
 
4.5 Preparation of Physically Crosslinked Gel 
Copolymer solutions with a given concentrations were prepared by dissolving in 1 mL 
of ultrapure water. Polymer solutions were gradually heated and thermally transferred to gel. 
Gelation behavior was evaluated visually by vials method described below in chapter 4.7.7. 
Sol-gel phase diagrams were plotted from obtained data and critical gel concentration and 
critical gel temperature were determined. 
 
4.6 Preparation of Chemically Crosslinked Gel 
Chemically crosslinked gels were prepared in the presence of camphoroquinone used 
as initiator and 2-(dimethylamino)ethyl methacrylate (DMEAM) used as catalyst. Samples 
were chemically crosslinked by UV-VIS LED polymerization lamp with wavelength  
between 430 – 490 nm and light intensity region of 800 – 1200 mW.cm-2. Two crosslinking  
methods - I and II are described below. 
4.6.1 Method I 
0.3 g of ITA/PLGA–PEG–PLGA/ITA copolymer was placed on thermoblock set upped 
to 60 °C. 5.6 mg of camphoroquinone and 4.5 µL of 2-(dimethylamino)ethyl methacrylate 
were added to the sample. Sample was dosed into mold and chemically crosslinked by blue 
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light for 5 and 40 minutes. Samples were dried in vacuum oven at laboratory temperature for 
8 hours. Dry tough porous gels were stored under nitrogen in a fridge. 
4.6.2 Method II 
Gels were prepared by the same procedure as method I described in 4.6.1 keeping 
crosslinking time 10, 20, 30, 40 and 50 minutes. In comparison to Method I, obtained soft 
transparent gels were not dried in vacuum oven, which affects further copolymer‘s physical 
properties. 
 
4.7 Characterization Methods 
4.7.1 Attenuated Total Reflectance Fourier Transformed Infrared Spectroscopy 
(ATR-FTIR) 
IR spectra of triblock copolymers were confirmed by attenuated total reflectance Fourier 
transformed infrared spectrometer (ATR-FTIR) Bruker Tensor 27 with diamond ATR crystal 
in a range between 4000 – 600 cm-1. All spectra (128 scans at 4 cm-1 resolution) were 
recorded at laboratory temperature and evaluated by OPUS software. 
4.7.2 Differential Scanning Calorimeter (DSC) 
Glass transition temperatures (Tg) were measured by using NETZSCH differential 
scanning calorimeter 204 F1 (DSC). Copolymers were crimped in an open aluminum pan, 
cooled to  –40 °C and heated up to 160 °C for two times. Cooling and heating rates were 
10 °C∙min-1 and steady stream of nitrogen gas was supplied at 50 mL∙min-1. Temperatures 
were obtained from second heating cycle by Proteus Analysis software. 
4.7.3 Dynamic Rheological Analysis 
The sol-gel transition and rheological properties of the copolymer solutions were 
investigated in the linear viscoelastic region. The viscoelastic properties of the polymer 
solutions were measured on a rheometer TA Instruments AR-2 with cone-plate sensor 
geometry C40/2°. The experiments were carried out applying an angular frequency of 1 rad .s-1 
with increasing the temperature from 15 °C up to 60 °C at a rate of 0.5 °C.min-1. 
4.7.4 Gel Permeation Chromatography (GPC) 
Number-average molecular weight (Mn) and polydispersity index (Mw/Mn) 
of the copolymers were measured using gel permeation chromatography (GPC) method using 
Agilent Technologies 1100 Series instrument equipped with isocratic pump, autosampler, RI 
and UV-VIS detector, fraction collector, 50 × 4.6 mm guard column and 250 × 4.6 mm 
column both PLgel 3 μm MiniMIX-E thermostated up to 80 °C with THF as the eluent 
at a flow rate of 0.1 mL∙min-1 against linear polystyrene standards. 
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4.7.5 Proton and Carbon Nuclear Magnetic Resonance (1H NMR, 13C NMR)  
Molecular weight and polymer characterization results were confirmed using 
1
H NMR 
and 
13
C NMR spectroscopy. Spectra were recorded on a Bruker AVANCE III spectrometer 
500 MHz, equipped with 5 mm cryoprobe Prodigy or 700 MHz instrument Bruker AVANCE 
III equipped with 5 mm triple resonance observe cryoprobe (TXO). Spectra were measured as 
a solution in deuterated chloroform (CDCl3) at the temperature 25 °C. All major signals were 
assigned on the basis 
1
H, 
13
C{H}, 
13
C-APT, 
1
H-
1
H COSY, 
1
H-
13
C HSQC and 
1
H-
13
C HMBC 
experiments. Chemical shifts are reported in ppm relative to tetramethylsilane (TMS). 
1
H NMR spectra were proceeded and evaluated using ACD/1D NMR Processor, which is free 
and available for students. 
13
C NMR spectra and correlation were evaluated using Bruker 
TopSpin NMR software (MU University). 
4.7.6 Proton Nuclear Magnetic Relaxometry (1H NMR relaxometry)  
1
H NMR nuclear magnetic resonance measurements were performed using a MiniSpec 
mq (Bruker, Germany) instrument, operating at the proton Larmor frequency of 7.5 MHz 
for protons. The water concentrations in samples have been 5 times higher than that 
of polymers. T2 (spin-spin relaxation time) decays, as a function of the time, were obtained 
by applying the Carr–Purcell–Meiboom–Gill (CPMG) pulse sequence. During hydration, 
the number of echoes (15000) and scans (128), the relaxation delay (12 s) and interecho 
spacing (1 ms) were kept constant. The measurements were performed repeatedly each 
3 hours. The repetition time between scans was five times T1 (spin-lattice relaxation time) 
to avoid the T1 weighting. To calculate T2 values, the transverse relaxation curves from Carr-
Purcell-Meiboom-Gill (CPMG) decays were fitted with equation (3) using RIWinFit software 
(Version 2.4, Resonance Instrument Ltd., Oxfordshire, United Kingdom) with either mono-
exponential, bi-exponential or tri-exponential functions (in dependency on statistical 
parameters such as  , standard error and R2): 
  





 
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iT
t
AtF i
,
exp)(
2  (3) 
Where A is amplitude, t is time and T2 is spin–spin relaxation time. The experiments 
were carried out at 25 °C. 
 
4.7.7 Test Tube Inverting Method (TTIM) 
The sol-gel phase transitions of solutions of PLGA–PEG–PLGA and ITA/PLGA–PEG–
PLGA/ITA copolymers were evaluated visually by the test tube inverting method in 
a temperature range from 20 to 50 °C. Temperature increases by 1 °C per 2 minutes. The sol-
gel transition temperature was determined based on the criteria of “flow” for sol (Fig. 20a)) 
and “no flow” for gel (Fig. 20b)) after the vial was inverted. Samples were kept at a constant 
temperature for 2 min to allow the establishment of equilibrium. 
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 a) sol b) gel 
 
Fig. 20: Sol-gel transition determined by vials method. 
 
4.7.8 Thermogravimetric Analysis (TGA) 
The thermal degradation of selected copolymers was performed by thermogravimetric 
analysis on TA Instruments TGA Q500 using nitrogen as purge gas with flow rate 
of 60 mL∙min-1. Samples were heated from ambient temperature to 700 °C at a heating 
rate of 10 °C∙min-1 for original copolymers and 5 °C∙min-1 for chemically crosslinked 
samples. 
4.7.9 Water Uptake and Degradation  
Swelling kinetics and water content of crosslinked samples were measured. Sample was 
immersed into 15 mL of UPW. At certain time intervals excess of surface water was removed 
with filter paper and the swollen weight of hydrogel was recorded. Water uptake and swelling 
ratio were calculated from measured values according to equation (2) and (1), respectively, 
in chapter 2.1.2. 
heati
n
g 
cooli
n
g 
heating 
cooling 
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5 RESULTS AND DISCUSSION 
Recently, PLGA–PEG–PLGA triblock copolymers functionalized with itaconic 
anhydride have been prepared by our group [90-95]. Resulting biodegradable ITA/PLGA–
PEG–PLGA/ITA copolymers are light, temperature and pH sensitive and can be cross-linked 
either physically or chemically (Fig. 21). Moreover, they can be additionally coupled with 
proteins or other bioactive molecules due to the novel functional carboxylic acid end-groups. 
The effect of polymer molecular weight, the PLGA/PEG weight ratio, LA/GA molar ratio and 
amount of coupled ITA on both physical and chemical crosslinking is discussed below. 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 21: Physical and chemical crosslinking of ITA/PLGA–PEG–PLGA/ITA. 
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5.1 Synthesis and Characterization of PLGA–PEG–PLGA and ITA/PLGA–
PEG–PLGA/ITA Copolymers 
PLGA–PEG–PLGA triblock copolymers with PLGA/PEG weight ratio in the value 
of 1.5, 2.0, 2.5 and 3.0, LA/GA molar ratio equal to 2.4, 3.0, 3.4 were synthesized and 
subsequently functionalized with itaconic anhydride (ITA) in order to prepare ITA/PLGA–
PEG–PLGA/ITA macromonomers. Copolymers were purified by ultrapure water (UPW) as it 
was described in chapter 4.4.3.1. Labeling of samples is summarized in Tab. 4. 
  
 
Tab. 4: Labeling of PLGA–PEG–PLGA (ABA) copolymers and ITA/PLGA–PEG–
PLGA/ITA (ITA–ABA–ITA) macromonomers. 
 ABA ITA–ABA–ITA 
LA/GA 
PLGA/PEG 
2.4 3.0 3.4 2.4 3.0 3.4 
1.5 1S 2S 3S I-1S I-2S I-3S 
2.0 4S 
5S 
5S_1 
5S_2 
6S I-4S I-5S I-6S 
2.5 7S 8S 9S I-7S I-8S I-9S 
3.0 10S 11S 12S I-10S I-11S I-12S 
S – copolymer prepared from sublimated lactide and glycolide, I - copolymer modified by itaconic anhydride, 
index _1 - copolymers prepared from PEG with molecular weight Mn(PEG) = 1000 g
.mol-1 and _2 – copolymers 
prepared from PEG with molecular weight Mn(PEG) = 2000 g
.mol-1.  All other samples were prepared from PEG 
with Mn(PEG) = 1500 g
.mol-1.  
 
PLGA–PEG–PLGA triblock copolymers display a single peak in the GPC trace and 
a polydispersity index lower than 1.28 while samples modified by itaconic anhydride show 
slightly higher polydispersity index in a range between 1.32 to 1.40 probably due to the inter- 
or intramolecular transesterification side reactions occurring at longer polymerization time 
or enhanced temperature [96]. The molecular weight of the triblock copolymers, composition 
ratios of LA/GA or PLGA/PEG and the amount of bonded ITA at modified copolymers 
determined by 
1
H NMR are listed in Tab. 5 for PLGA–PEG–PLGA triblock copolymers and 
Tab. 6 for ITA/PLGA–PEG–PLGA/ITA macromonomers. Composition ratios were in very 
good agreement with theoretical ones. Results indicate that structure-controlled triblock 
copolymers were synthesized. 
 
Tab. 5: Properties of PLGA–PEG–PLGA copolymers. 
No. PLGA/PEG
a)
 LA/GA
a)
 PLGA/PEG
b)
 LA/GA
b)
 Mn(NMR) Mn(theor)/Mn(NMR) 
  [wt/wt] [mol/mol] [wt/wt] [mol/mol]     
1S 
1.5 
2.4 1.7 2.4 4019 0.93 
2S 3.0 1.4 3.1 3619 1.04 
3S 3.4 1.7 3.4 4023 0.93 
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No. PLGA/PEG
a)
 LA/GA
a)
 PLGA/PEG
b)
 LA/GA
b)
 Mn(NMR) Mn(theor)/Mn(NMR) 
  [wt/wt] [mol/mol] [wt/wt] [mol/mol]     
4S 
2.0 
2.4 2.1 2.4 4622 0.97 
5S 3.0 2.2 3.1 4758 0.95 
5S_1 3.0 1.9 2.6 2850 1.05 
5S_2 3.0 2.1 3.1 6197 0.97 
6S 3.4 2.0 3.4 4528 0.99 
7S 
2.5 
2.4 2.0 1.8 4550 1.15 
8S 3.0 2.4 3.0 5100 1.03 
9S 3.4 2.5 3.4 5324 0.99 
10S 
3.0 
2.4 3.1 2.4 6176 0.97 
11S 3.0 3.0 3.0 6040 0.99 
12S 3.4 3.1 3.4 6176 0.97 
a) theoretical ratios, b) obtained from 1H NMR, S – copolymers prepared from sublimated monomers, labelling 
5S-1, 5S-2 – copolymers prepared from PEG with molecular weight 1000 and 2000 g.mol-1, respectively. 
 
Tab. 6: Properties of ITA/PLGA–PEG–PLGA/ITA copolymers. 
No. PLGA/PEG
a)
 LA/GA
a)
 PLGA/PEG
b)
 LA/GA
b)
 Mn(NMR) Mn(theor)/Mn(NMR) ITA
b)
 
  [wt/wt] [mol/mol] [wt/wt] [mol/mol]     [mol%] 
I-1S 
1.5 
2.4 1.6 2.3 3997 0.94 65.4 
I-2S 3.0 1.7 2.9 4126 0.91 10.3 
I-3S 3.4 1.6 3.4 3885 0.97 58.7 
I-4S 
2.0 
2.4 2.2 2.4 4656 0.97 60.0 
I-5S 3.0 2.1 3.0 4697 0.96 61.8 
I-6S 3.4 2.1 3.2 4576 0.98 65.3 
I-7S 
2.5 
2.4 2.1 2.1 4663 1.13 64.2 
I-8S 3.0 2.6 3.0 5367 0.98 62.0 
I-9S 3.4 2.8 3.3 5664 0.93 61.0 
I-10S 
3.0 
2.4 3.1 2.5 6133 0.98 69.9 
I-11S 3.0 3.1 3.0 6219 0.96 59.3 
I-12S 3.4 3.2 3.4 6323 0.95 69.1 
a ) theoretical ratios, b) obtained from 1H NMR, S – copolymers prepared from sublimated monomers, I – 
copolymers modified by itaconic anhydride 
 
Real Mn and molar composition of samples were determined by 
1
H NMR spectroscopy 
(Fig. 22) from integrals of characteristic proton intensities of lactic acid (O(CH3)CHO) 
in a range between δ = 5.1 - 5.35 ppm (multiplet, 1H) (a) and (OC(CH3)CHO) protons at δ = 
1.5 - 1.75 ppm (multiplet, 3H) (e), glycolic acid (OCH2O) at δ = 4.6 - 4.9 ppm (multiplet, 2H) 
(b), PEG (OCH2CH2O) at δ = 3.55 - 3.75 ppm (multiplet, 3H) (d). The amount of end-capped 
ITA was determined from integrals of characteristic proton intensities of itaconic acid double 
bonds (OC(CH2)CCH2COOH) at δ = 5.7 - 5.8 ppm (singlet, 1H) (g) and δ = 6.35 - 6.5 ppm 
(singlet, 1H) (f) and itaconic acid backbone (OCH2(C=O)) at δ = 3.40 - 3.44 ppm (singlet, 
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1H) (h) (Fig. 23). The Mn calculated from 
1
H NMR spectra was in very good agreement with 
theoretical Mn of copolymers. The amounts of bonded ITA to the original copolymer were 
in range from 58.7 to 69.9 mol% except in one case.  
 
 
Fig. 22: 
1
H NMR spectrum of PLGA–PEG–PLGA copolymer (sample 8S). 
  
 
 
Fig. 23: 
1
H NMR spectrum of ITA/PLGA–PEG–PLGA/ITA copolymer (sample I-8S). 
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Copolymers 8S (ABA) and I-8S (ITA–ABA–ITA) were characterized by 13C NMR 
in CDCl3 (Fig. 24 and Fig. 25). It was confirmed that peak (e) at δ = 16.4 ppm (quarted, 1C) 
corresponded to (O–(CH3)CHO) carbon in lactic acid, peak (b) at δ = 60.4 ppm (triplet, 1C) 
to (OCH2O) carbon in glycolic acid, peak (c) at δ = 64.3 ppm (triplet, 1C) to (OCOCH2CH2) 
carbon, peak (a) at δ = 68.9 ppm (doublet, 1C) to (OC(CH3)CHO) carbon in lactic acid, peak 
(d) at δ = 70.3 ppm (triplet, 1C) to (OCH2CH2O) in PEG and peak at δ = 169.7 ppm (simplet, 
1C) to carbonyls. ITA was determined from peak (i) at δ = 132.9 ppm (singlet, 1C) 
corresponded to (OC(CH2)CCH2COOH) carbon and peak =CH2 (fg) at δ = 129.2 ppm (triplet, 
1C) to (OC(CH2)CCH2COOH) carbon. 
Bonding of itaconic acid to PLGA–PEG–PLGA copolymer was confirmed by two 
dimensional HMBC (heteronuclear multiple bond correlation) experiment (Fig. 26). Protons 
of itaconic acid from peaks (f) and (g) provide correlation through three linkages with proton 
at bond between copolymer and attached itaconic acid (h).   
 
 
 
 
 
 
Fig. 24: 
13
C NMR spectrum of PLGA–PEG–PLGA copolymer. 
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Fig. 25: 
13
C NMR spectrum of ITA/PLGA–PEG–PLGA/ITA copolymer. 
 
 
Fig. 26: Detail in two dimensional 
1
H-
13
C HMBC spectrum of ITA/PLGA–PEG–PLGA/ITA 
copolymer.  
i 
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Influence of the used ITA molar ratio to copolymer on the amount of bonded ITA was 
investigated. Copolymers with PLGA/PEG weight ratio equal to 2.5, LA/GA molar ratio 
equal to 3.0 and molar ratio of ITA in the value of 1.0, 2.0 and 2.5 were synthesized from 
original unpurified lactide and glycolide, and characterized by 
1
H NMR and GPC (Tab. 7) 
after purification by PBS 7.4. 
 
 
Tab. 7: ITA/PLGA–PEG–PLGA/ITA copolymers with different molar ratio of ITA. 
No. ITA molar ratio PLGA/PEG
a)
 LA/GA
a)
 Mn(NMR) Mn(GPC) PDI ITA
a)
 
  
[wt/wt] [mol/mol] 
  
 [mol%] 
I-8U-1.0r 1.0 2.4 2.7 5102 7137 1.24 26.8 
I-8U-2.0r 2.0 2.4 2.7 5117 6613 1.25 46.6 
I-8U-2.5r 2.5 2.6 3.0 5384 7394 1.21 63.0 
a) obtained from 1H NMR, U – copolymers prepared from original unsublimated monomers 
 
 
In that case, the molar ratio of ITA equal to 2.0 should be sufficient to bond the 
maximum amount of ITA, but in our case the efficacy was only 46.6 mol%. While 25 % 
molar excess of ITA (molar ratio 2.5) was used the copolymer having 63 mol% of bonded 
ITA was synthetized. It is assumed that part of itaconic anhydride formed dimers or passed 
to itaconic acid. 
 
5.2 Physical Crosslinking 
The effect of ITA modification, copolymer molecular weight, composition of copolymers 
(hydrophilic/hydrophobic balance) and purification methods on physical crosslinking 
including sol-gel phase transitions and viscoelastic properties evaluation has been 
investigated. Detailed description of crosslinking mechanisms is given in section 2.3 in 
the theoretical part. 
5.2.1 Effect of Copolymers Composition and ITA Modification 
Effect of various PLGA/PEG weight ratios and LA/GA molar ratios of unmodified and 
ITA modified copolymers on solubility and sol-gel phase transitions was evaluated.  It was 
found that triblock copolymers having theoretical PLGA/PEG ratio higher than 2.5 are 
insoluble in water due to the higher hydrophobicity and copolymers with PLGA/PEG ratio 
lower than 2.0 are all water soluble and do not form hydrogels because of their high 
hydrophilicity (Tab. 8). Thus sol-gel phase transitions of copolymers having PLGA/PEG 
ratios only either 2.0 or 2.5 were studied. 
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Tab. 8: Solubility of copolymers in ultrapure water during purification. 
 ABA ITA-ABA-ITA 
LA/GA 
PLGA/PEG 
2.4 3.0 3.4 2.4 3.0 3.4 
1.5 
1S 
+ + + 
2S 
+ + + 
3S 
+ + 
I-1S 
+ + + 
I-2S 
+ + + 
I-3S 
+ + 
2.0 
4S 
+ + 
5S 
+ + 
6S 
+ 
I-4S 
+ + 
I-5S 
+ 
I-6S 
+ 
2.5 
7S 
+ +  
8S 
+ 
9S 
– + 
I-7S 
+ + 
I-8S 
+ 
I-9S 
– + 
3.0 
10S 
– 
11S 
– 
12S 
– 
I-10S 
– 
I-11S 
– 
I-12S 
– 
S - copolymer prepared from sublimated lactide and glycolide, I - copolymer modified by itaconic anhydride, 
 – insoluble, + slow soluble, + + good soluble, + + + fast soluble, – + partly soluble 
 
The thermosensitive triblock copolymers are soluble in water forming free-flowing 
solution (sol) that spontaneously gels as the temperature increases generating a water-
insoluble physical hydrogel (first sol to gel transition). Further increasing the temperature 
causes the micelle structure separation from the water and above the second gel to sol 
transition the polymer is separated from the water as the suspension. The phase diagrams 
of investigated PLGA–PEG–PLGA and ITA/PLGA–PEG–PLGA/ITA copolymers are shown 
in Fig. 27 - Fig. 31. These phase diagrams demonstrate three basic areas separated by each 
sol-gel curve: sol, gel and suspension (as is described above). All traces show two phase 
transitions (first-lower and second-upper) above critical gel concentration (CGC). Bellow 
the CGC the samples do not gel. 
Phase diagram of PLGA–PEG–PLGA copolymers with slightly increasing 
the PLGA/PEG ratios from 2.0 through 2.1 to 2.2 displays decreasing CGC. Hydrophobic 
PLGA blocks can easily locate into different micelles, leading to bridging connections which 
facilitates aggregation [55]. CGT decreases with increasing LA/GA ratio because lactide 
is more hydrophobic then glycolide (Fig. 27 and Fig. 28).   
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Fig. 27: Phase diagrams of ABA copolymers with PLGA/PEG = 2±0.2 and different LA/GA 
ratios. 
 
 
Fig. 28: Phase diagrams of ABA copolymers with LA/GA = 3±0.1 and different PLGA/PEG 
ratios. 
 
The opposite situation is at modified copolymers. While at ABA copolymers CGT is 
constant with increasing PLGA/PEG ratio, CGC of modified copolymers decrease with 
lowering LA/GA ratio keeping PLGA/PEG ratio equal to 2.1 (Fig. 29). At the constant 
LA/GA ratio and increasing PLGA/PEG ratio from 2.1 to 2.6 copolymers have same CGC, 
but CGT reduced (Fig. 30). Amount of bonded ITA have significant influence on the sol-gel 
process too. Copolymer I-6S with 65.3 mol% ITA have lower critical gel concentration  
(6 % w/v) then copolymer I-5S with 61.8 mol% ITA (10 % w/v) owing to higher possibility 
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of formation of ionic bonds and micelles (Fig. 29). Copolymers with similar amount of ITA 
(61.8 mol% for I-5S and 62.0 mol% for I-8S) exhibit the same CGC equal to 6 % w/v. Fig. 31 
shows that modification of PLGA–PEG–PLGA by ITA lowers both CGC and CGT 
by approximating the CGT closer to body temperature, which is very important for injectable 
materials. Summary of critical gel temperatures and concentrations of individual copolymers 
with real PLGA/PEG and LA/GA ratios determined by 
1
H NMR spectroscopy showed Tab. 9. 
 
 
 
Fig. 29: Phase diagrams of ITA–ABA–ITA copolymers with PLGA/PEG = 2±0.1 and different 
LA/GA ratios. 
 
 
Fig. 30: Phase diagrams of ITA–ABA–ITA copolymers with LA/GA = 3 and different 
PLGA/PEG ratios. 
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Fig. 31: Comparison of gelation behavior of ABA and ITA–ABA–ITA copolymers. 
 
 
Tab. 9: Critical gel concentration (CGC) and critical gel temperature (CGT) of prepared 
aqueous solutions with concentration 6-24 % w/v observed by TTIM. 
 
ABA ITA–ABA–ITA 
LA/GA 
PLGA/PEG 
2.0 2.4 3.0 3.4 2.0 2.4 3.0 3.4 
1.5 x      - - - x - - - 
2.0 
21 °C 
15 % 
40 °C 
9 % 
40 °C 
8 % 
39 °C 
12 % 
26 °C 
6 % 
37 °C 
16 % 
36 °C 
6 % 
37 °C 
10 % 
2.5 x - 
29 °C 
6 % 
- x - 
34 °C 
6 % 
- 
3.0 x - - - x - - - 
 x – samples were not prepared, “-“ – copolymers without CGC and CGT 
 
 
Tab. 10 summarizes influence of copolymer composition and modification on critical gel 
concentration and critical gel temperature. It was confirmed that CGT decreased with 
increasing LA/GA ratio and CGC increase with lower PLGA/PEG ratio. In our case, end 
capping PLGA–PEG–PLGA by itaconic acid led to decreasing CGT and CGC in comparison 
with literature review (Tab. 3 in chapter 2.3.3). PLGA–PEG–PLGA copolymers with LA/GA 
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ratio equal to 2.4 – 3.4 had CGT at 39 – 40 °C (Fig. 32). Best properties had ITA/PLGA–
PEG–PLGA/ITA copolymers with LA/GA ratio from 2.4 to 3.4 and CGT at 36 – 37 °C (Fig. 
33).  It is evident from the graphs is above that the best modified sample for our application is 
copolymer with PLGA/PEG ratio equal to 2.0 and LA/GA ratio equal to 3.0, which had 
critical gel temperature at 37 °C and can be used from 6 % w/v. 
 
Tab. 10: Dependence of sol-gel phase transitions on the properties of prepared copolymers. 
Copolymer Changes Effect 
PLGA– PEG–PLGA 
 LA/GA ratio  CGT 
 PLGA/PEG ratio  CGC 
end-capped by ITA  CGC,  CGT 
ITA/PLGA–PEG–PLGA/ITA 
 LA/GA ratio  CGC  
 PLGA/PEG ratio 
 CGT 
narrowed gel zone 
 amount of bonded ITA  CGC, constant CGT 
 
 
 
 
Fig. 32: Critical gel temperature and critical gel concentration of ABA copolymers with 
PLGA/PEG = 2.0 and different LA/GA ratio. 
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Fig. 33: Critical gel temperature and critical gel concentration of ITA–ABA–ITA copolymers 
with PLGA/PEG = 2.0 and different LA/GA ratio. 
 
 
5.2.2 Effect of PEG Length and Purification Method  
Total molecular weights of copolymers such as molecular weight of hydrophilic PEG and 
copolymer’s purification method have significant influence on chemical structure and gelation 
behavior of copolymers.  
Three PLGA–PEG–PLGA triblock copolymers with sublimated lactide and glycolide and 
varied central PEG block (Mn(PEG) = 1000, 1500 and 2000 g
.
mol
-1
) having PLGA/PEG 
weight ratio equal to 2.0 and LA/GA molar ratio equal to 3.0 were successfully synthesized 
via ROP. All samples were firstly purified by ultrapure water (UPW). Since sample 5S_1 - 
UPW has been insoluble in water and sample 5S_2 - UPW too hydrophilic to form gel 
in water, only sample from PEG with molecular weight 1500 g
.
mol
-1
 that gels in water were 
further tested. Except the ultrapure water, the newly prepared sample donated as 13S was 
purified by four another methods (PBS 7.4, PBS 9.0, DCM/DEE and high vacuum) in order 
to find the purification effect on polymer sol-gel and rheological behavior. Polymer 
composition, methods of polymer purification, pH of purification polymer solution, solubility 
and gelation of aqueous solutions are listed in Tab. 11. 
Number average molecular weight (Mn) and polydispersity index (Mw/Mn) of copolymers 
purified by different solvent were measured using gel permeation chromatography (GPC) 
with respect to the polystyrene standards. Molecular ratio of Mn(theor) /Mn(GPC) and polydispersity 
index were in a range from 0.64 – 0.92 and 1.16 – 1.23, respectively. 
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Tab. 11: Properties of prepared PLGA–PEG–PLGA copolymers with PLGA/PEG = 2.0, 
LA/GA = 3.0 and various central PEG block. 
No. Mn(PEG) 
[g
.
mol
-1
] 
Mn(theor) 
[g
.
mol
-1
] 
Mn(NMR) 
[g
.
mol
-1
] 
Yield
a 
[%] 
Solub.
b
 pH
c
 Gel
d
 
5S_1- UPW 1000 3000 2850 91.7 no 5.6 No 
5S_2 - UPW 2000 6000 6197 90.5 yes 5.6 No 
13S - UPW 1500 4500 4404 93.4 yes 3.2 Yes 
13S - PBS 7.4 1500 4500  -  98.7 yes 7.4 Yes 
13S - PBS 9.0 1500 4500  -  96.5 yes 9.0 Yes 
13S - DCM/DEE 1500 4500  -  69.9 yes 2.0 Yes 
13S - vac 1500 4500 2418 75.5 yes ‒ No 
a Yield of polymer after purification 
b Polymer solubility in water 
c pH of purifying solvent 
d Gelation of polymer dissolved in ultrapure water at concentration of 22 % w/v. 
e Determined by 1H NMR 
 
Interestingly, copolymer purified by vacuum at 150 °C (13S - vac) did not form a gel 
when dissolved in water. Since this purification method has been frequently used 
in some papers [97, 98] 
1
H NMR spectra and obtained molecular weights were compared with 
copolymer purified by cold water (13S - UPW). Spectra of both PLGA–PEG–PLGA 
copolymers are shown in Fig. 34. Molecular weight was calculated from integral of peak 
(a) belonging to PLA and from integral of peak (b) corresponding to PGA. Molecular 
weight calculated from 
1
H NMR for copolymers 13S - UPW and 13S - vac were 4404 and 
2418 g
.
mol
-1
, respectively.  
 
 
Fig. 34: 
1
H NMR of PLGA–PEG–PLGA copolymers purified by ultrapure water and under 
vacuum.  
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The reducing in Mn of sample purified by vacuum (13S - vac) might be explained 
by transesterification reactions proceeded via polymerization, where peak at δ = 4.83 ppm 
was assigned to the LA–GA–LA triad sequence (Fig. 35) [99]. Due to much higher reactivity 
of glycolide in comparison to lactide, the ring of glycolide was opened and linked to hydroxyl 
end groups of PEG block in the first step of polymerization. With longer polymerization time, 
LA was built in polymer chains when large part of GA has already been bonded. Peak of LA-
GA-LA triad of copolymers in Fig. 35 confirms existence of transesterification reaction. 
While at 130°C within the polymerization process probably occur only intermolecular 
transesterifications positively influencing redistribution of sequence structure such as length 
distribution of PLGA blocks [100, 101], the higher temperature (150 °C) and time (4 hours) 
of copolymer vacuum purification caused intramolecular transesterification resulting in 
copolymer degradation (chain scission) and formation of cyclic oligomers, which were 
evaporated out. Therefore copolymer 13S-vac had twice lower molecular weight than 
copolymer 13S - UPW.  
 
 
Fig. 35: Magnification of peak for investigation LA–GA–LA triad. 
 
 
PLGA–PEG–PLGA copolymers are able to form either homogeneous aqueous solution 
or hydrogel at certain temperature in dependence on hydrophilic/hydrophobic balance and 
PEG block length. Copolymer 5S_1 - UPW with Mn(PEG) = 1000 g
.
mol
-1
 was water insoluble 
bud swelled in water due to short PEG block and higher hydrophobicity of copolymer. 
Copolymer 5S_2 - UPW with Mn(PEG) equal to 2000 g
.
mol
-1 
was good soluble in water, but it 
was too hydrophilic to form gel. Only copolymer 13S - UPW with Mn(PEG) = 1500 g
.
mol
-1
 
purified by ultrapure water was able to form gel. For that reason, purification methods and 
their effect on gelation behavior at copolymer aqueous solution (22 % w/v) were investigated 
only at copolymer with PEG (Mn = 1500 g
.
mol
-1
). Since copolymer purified by vacuum  
4,604,654,704,754,804,854,904,955,00
δ [ppm] 
13S - UPW
13S - vac
LA–GA–LA triad 
LA–GA–LA triad 
b 
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(13S - vac) has not formed gel, influence of purification methods (by UPW, PBS 7.4, PBS 9.0 
and DCM/DEE) on sol-gel phase transitions and rheological properties were investigated 
visually using test tube inverting method and rheological measurements of aqueous 22 % w/v 
polymer solutions. While rheological measurement provides us information about elastic and 
loss modulus and viscosity, test tube inverting method gives us information only about 
polymer viscosity and changes in color. 
Fig. 36 shows the viscoelastic properties of 22 % w/v ABA copolymer solution (13S –
 UPW), where storage modulus G’ represents the elastic behaviour, the loss modulus G” 
viscous behavior of the sample and tan δ denotes the ratio between G’and G”. At 
the temperature below 31 °C (liquid state), the polymer solution exhibited viscous behaviors 
(G” > Gʼ) and above 31 °C (onset of gelation) both G” and G’ started to increase due to 
physical gel formation.  First cross-over of storage and loss modulus (G’ = G”) and tan δ 
lower than 1 were observed at 37.0 °C. This point is defined as first sol to gel transition. In the 
gel state, G” dominates over G’ and both values increase with further increasing temperature 
up to maximum of 87 Pa at 41.8 °C for G’ and 73.3 Pa at 42.5 °C for G”. The second cross-
over of Gʼ and G” together with increasing of tan δ over 1 corresponded to the end 
of gelation. Test tube inverting method gave a bit higher gelation temperature (47.2 °C) 
in comparison to 43.3 °C determined by rheological measurement. This might be due to 
difficulty in determining the transition from gel to suspension by visual method, since this 
change is slow. 
 
 
 
Fig. 36: Rheological properties of PLGA–PEG–PLGA copolymers with PLGA/PEG = 2.0 
purified by UPW (22 % w/v in ultrapure water). 
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It was found that pH of purifying solvent with dissolved copolymer had significant 
influence on gelation behavior of hydrogel. From Fig. 37 and Tab. 11 we can see that gelation 
temperature of copolymers is lower at copolymer purified by UPW (13S - UPW) due to faster 
release of lactic and glycolic acid and degradation.  
 
 
Fig. 37: Influence of purification method of sample 13S on sol-gel phase behavior and 
rheological properties of PLGA–PEG–PLGA copolymer. 
 
 
Gel stiffness (Fig. 38), characterized as maximum value of storage modulus (G’max), 
is the highest for PLGA–PEG–PLGA copolymers purified by PBS 9.0. Lower strength 
exhibited copolymers purified by PBS 7.4 followed by purification with ultrapure water and 
DCM/DEE. It was shown that purifying solvents affected properties of PLGA–PEG–PLGA 
copolymer and physical bonds in aqueous solutions. It can be influenced by several factors. 
Possible unreacted lactide and glycolide and soluble low molecular weight polymers are 
removed from prepared crude copolymer after purification by UPW, PBS 7.4, PBS 9.0 and 
precipitation at 80 °C. Both monomers are insoluble at laboratory temperature. While 
glycolide is soluble in all three solvents at 80 °C, more hydrophobic lactide is soluble, 
partially soluble and insoluble in UPW, PBS 7.4 and PBS 9.0, respectively. The rest 
of undissolved hydrophobic lactide in purified copolymer probably caused stronger 
hydrophobic interaction in water solution and copolymer purified by PBS 9.0 had highest gel 
stiffness. Last purification method was using organic solvent when copolymer was firstly 
dissolved in DCM and then solution was precipitated into DEE. In this case, besides 
monomers also low molecular weight polymers, which can stay in copolymer purified by 
UPW, PBS 7.4 and PBS 9.0, were removed from copolymer. It can be reason for lowest gel 
stiffness of this copolymer.         
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Fig. 38: Storage modulus of PLGA–PEG–PLGA copolymer 13S from sublimated monomers 
with PLGA/PEG = 2.0 and LA/GA = 3.0 purified by different solvents at 22 % w/v 
concentration. 
 
5.2.3 Effect of Monomers Purification 
Rheological properties of the copolymers with PLGA/PEG ratio equal to 2.0 and LA/GA 
ratio 3.0 prepared from sublimated and original monomers purified by UPW were evaluated. 
Comparison of gelation properties of both copolymers is shown at Fig. 39.  
 
 
 
Fig. 39: PLGA–PEG–PLGA copolymers with PLGA/PEG = 2.0 purified by UPW and 
synthetized from original and sublimated monomers. 
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There were not significant differences between start and end of gelation evaluated by test 
tube inverting method. Copolymer from sublimated monomers (denoted as hatched area) with 
maximum value of storage modulus at 87 Pa formed only turbid and white gel, because 
probably immediately large micelles were formed during gelation. Copolymer from original 
monomers with Gmax at 113 Pa formed transparent gel in a range between 37.0 and 39.1 °C 
followed by turbid gel up to 41.5 °C which turned to white gel and at 46.2 °C determined 
by test tube inverting method showed end of gelation. 
Both molecular weights for 13U (4528 g
.
mol
-1
) and 13S (4758 g
.
mol
-1
) determined by 
proton nuclear magnetic resonance (Fig. 40) were comparable with theoretical molecular 
weight (4500 g
.
mol
-1
).  
 
 
Fig. 40: 
1
H NMR spectrum of copolymers from sublimated and unsublimated monomers.  
 
Differences were observed at individual sequences for PLGA in a range from 4.75 
to 4.95 ppm (Fig. 41), where sequence for LA-GA-LA triad (4.83 ppm) prevail at copolymer 
form original monomers (13U) over copolymer 13S from sublimated monomers (Tab. 12). 
Micelles formed during gelation were stable and maximum value of storage modulus (G’max) 
slightly increased from 87 Pa at sample 13S to 117 Pa due to higher arrangement 
of poly(lactic acid) and poly(glycolic acid) in PLGA chains.  
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Fig. 41: Detail in 
1
H NMR spectrum in a range from 4.75-4.94 ppm. 
 
 
Tab. 12: Sequences in spectrums of ABA in the region of the glycolide methylene 
proton [51]. 
Sequences 
Chemical shift δ 
[ppm] 
GLGGG or GGGLG 4.96 
LGGLG or GLGGL 4.94 
GGGGG 4.90 
LLGGL + LGGLL 4.88 
GGGGL + LGGGG 4.87 
LLGGG + GGGLL 4.86 
LLGLL + GLGLL + LLGLG + GLGLG 4.83 
GGGLG or GLGGG 4.80 
LGGGL + GLGGL or LGGLG 4.78 
 
 
Monomers purification had not significantly influenced on physical and chemical 
properties such as gelation behavior, molecular weight and PDIs. Moreover, sublimation 
of monomers is economically and time-consuming. Therefore, next samples will be prepared 
only from original unsublimated monomers.  
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5.2.4 Effect of PLGA–PEG–PLGA Modification by ITA 
PLGA–PEG–PLGA and ITA/PLGA–PEG–PLGA/ITA copolymers with PLGA/PEG 
ratio equal to 2.25 were prepared. Copolymers were purified by one of three solvents 
(ultrapure water and phosphate buffered saline with pH either 7.4 or 9.0). Chemical and 
physical properties of both copolymers were compared (Tab. 13, Fig. 42). 
 
Tab. 13: Molecular weights and polydispersity indexes of copolymers with different 
PLGA/PEG ratio and LA/GA ratio 3.0 purified by UPW, PBS 7.4 and PBS 9.0. 
Type of copolymer  
Purification method  
 UPW PBS 7.4 PBS 9.0 
Mn(theor.) 
[g
.
mol
-1
] 
Mn(GPC) 
[g
.
mol
-1
] 
PDI 
Mn(GPC) 
[g
.
mol
-1
] 
PDI 
Mn(GPC) 
[g
.
mol
-1
] 
PDI 
ABA 
14U 
4850 6287 1.20 6319 1.21 6415 1.21 
ITA–ABA–ITA 
I-14U 
4850 6450 1.20 6319 1.21 6691 1.21 
 
 
Resulting copolymers had narrow polydispersity index from 1.20 to 1.21 and it was 
found that purification solvent did not significantly affected chemical properties. Differences 
were in viscoelastic behavior of copolymers when modified copolymers exhibited lower 
temperatures of gelation (Fig. 42).  
 
 
Fig. 42: Comparison of ABA and ITA–ABA–ITA copolymers with PLGA/PEG ratio = 2.25 
purified by ultrapure water. 
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As was described previously in chapter 5.2.2, gel stiffness decreased in order while 
purified by PBS 9.0 > PBS 7.4 > UPW for PLGA–PEG–PLGA copolymers dissolved in 
ultrapure water. However, there was observed opposite trend at ITA/PLGA–PEG–PLGA/ITA 
copolymers in water (Fig. 44) when the highest strength had sample purified by UPW (535 
Pa) > PBS 7.4 (527 Pa) > PBS 9.0 (441 Pa).  
Carboxylic acid groups at the end of copolymer chains can form dimers in acidic 
conditions with two hydrogen bonds between a pair of molecules (Fig. 43). Hydrogen bonds 
are weak, but it is enough to increase strength.  Carboxylic
 
groups begin dissociate to –COO- 
at pH > 7 (eq. 3) resulting inless of dimers and decreasing strength. 
 
 
 
 
Fig. 43: Carboxylic acid dimer. 
 
    (eq. 3) 
 
 
 
 
Fig. 44: Gel stiffness (storage modulus G’) of ABA and ITA–ABA–ITA copolymers purified by 
different solvents. 
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5.3  Chemical Crosslinking 
Chemical crosslinking by blue light was studied with a view of the effect of crosslinking 
time and the amount of bonded ITA of ITA/PLGA–PEG–PLGA/ITA copolymers. Blue light 
with wavelength in the range of 430-490 nm is commonly used in dental medicine. 
Crosslinking proceeded in the presence of D,L-camphoroquinone catalyst (1,7,7-trimethy-
bicyclo(2,2,1)-heptane-2,3-dione) and tertiary amine without a crosslinking agent. CQ itself 
is capable to photoinitiate polymerization, but at low rate. For that reason, tertiary amines 
are used as coinitiators [102, 103]. 
Photoinitiating of CQ is shown in Fig. 45. It is known that the CQ/amine mechanism is 
based on transfer of electron and proton from amine to CQ. Firstly, CQ absorbs visible light 
and CQ transfer to triplet excited form (CQ*) followed by ketone/amine complex (exciplex). 
Then primary amine radicals are formed after proton abstraction. These radical attacks 
the carbon double bonds of itaconic acid [104, 105]. 
    
 
 
 Fig. 45: Photoinitiating mechanisms of camphoroquinone (CQ) with tertiary amine [106].  
 
 
5.3.1 Effect of Amount of Bonded Itaconic Acid and Crosslinking Time  
ITA/PLGA–PEG–PLGA/ITA copolymers with 37 mol% ITA and 63 mol% ITA were 
crosslinked by method I described in 4.6.1. Crosslinking time was either 5 or 40 minutes for 
first copolymer (37 mol% ITA) and only 40 minutes for second copolymer (63 mol% ITA). 
Prepared samples were characterized after crosslinking by ATR-FTIR, GPC, TGA and results 
were compared with uncrosslinked samples. Also swelling behavior and degradation were 
evaluated and calculated according to equations in 2.1.2.    
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Swelling behavior and degradation 
Hydrolytical stability and degradation of samples were measured in ultrapure water at 
laboratory temperature. From the graph (Fig. 46) it is apparent that original non-crosslinked 
copolymer with 37 mol% of ITA absorbed water from the beginning of the swelling very 
quickly up to 2547 % when it started degrade and it was completely dissolved after 48 hours. 
In contrast, there occurred gradual diffusion of water into the polymer network during the first 
7 days with slowly increasing water uptake up to 574 % at same sample crosslinked for 
5 minutes. Then water firstly hydrated hydrophilic groups of PEG and carboxyl end groups 
(primary bond water) and with increasing time part of ester bonds started to hydrolyze.  
Density of the network decreased and sample was able to absorb extra large amount of water 
up to 1103 % (secondary bond water). Subsequently, network nodes were broken and 
hydrolysis of rest of PLGA ester bonds began together with release of lactic and glycolic acid. 
For this reason dissolution of sample was faster and sample was completely dissolved after 
10 days from the beginning of the swelling. If the same sample was crosslinked longer time 
(40 minutes), there was a significantly higher increase in the crosslinking density and the 
sample began secondarily bond the water after 9
th
 day to a maximum of 3581% (weight 
increased almost 37×).  Sample started to dissolve after 11 days and it was whole degraded at 
16 day. A different situation was when the ITA/PLGA–PEG–PLGA/ITA copolymer with 
63 mol% of ITA was crosslinked by blue lamp for 40 minutes. Sample swelled as crosslinked 
copolymer with 37 mol% ITA up to 8 day. After that there was only slow increasing of water 
up to 813 % of water content. In the period between the 13. and 20. day, there was a balance 
between diffusion and hydrolysis of the samples and then both degradation and dissolution. 
Sample was dissolved after 32 days. From this graph it is apparent that time of hydrolytical 
stability (degradation) is possible affected both by time of crosslinking and amount 
of bonded ITA. 
 
 
Fig. 46: Swelling and degradation of ITA/PLGA–PEG–PLGA/ITA samples in ultrapure water 
at 25°C. 
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ITA/PLGA–PEG–PLGA/ITA copolymer wit 37 mol% ITA (a) and copolymer with 
63 mol% ITA (b) in swelled state at 11 day of swelling is shown at Fig. 47. Copolymer 
with 37 mol% ITA was able to absorb more water due to lower density of network and 
amount of network nodes.  
 
 
Fig. 47: Crosslinked samples a) ITA/PLGA–PEG–PLGA/ITA (with 37 mol% ITA) and b) 
ITA/PLGA–PEG–PLGA/ITA (with 63 mol% ITA) in swelled state at 11. day. 
 
1
H NMR relaxometry measurement 
Swelling and subsequent degradation in UPW gives us quantitative information 
about total amount of absorbed water. More accurate information about the relationship 
between the bonded and unbonded water within the swelling process in a gel can be obtained 
by 
1
H NMR relaxometry. Dependence of spin-spin relaxation (T2) on relaxation time was 
gained from measurement and it was found after recalculation that system contains three type 
of water in different state (strongly bonded water to gel, weakly bonded water to the gel 
surface and free unbonded water). The results with dependence of water amount and 
relaxation time on time for sample with 63 mol% of ITA are shown at Fig. 48 and Fig. 49. 
 Fivefold quantity of water was added to the sample (110 mg water per 22 mg sample). 
Measurement starts after 24 hours, when sample was partially swelled and relaxation time for 
free water was 2570 ms (for pure water it is 2700 ms). Water was stepwise bonded 
to the sample and onto surface of sample (hydration of hydrophilic PEG groups) and 
relaxation times for free water decreases. It is interesting, that relaxation time of strongly 
bonded water increased up to fourth day from 106 ms to 130 ms and then decreased to 42 ms 
at 18 day. Amount of bonded water firstly increase from 4.9 % to 9.6 % up to second day and 
then part of water was displaced. Strongly bonded water was nearly constant up to 13 day. 
Water diffuses to cavities on the surface of the gel and weakly bonded water probably 
increased up to 8 day. Junction and gel network began to break and weakly bonded water 
started release from the sample after 8 days. At 15
th
 day came collapse and sample was 
degraded. Degradation of sample was faster than swelling. Water at swelling measurements 
was removed every day, but water at relaxometry measurement was kept same at all time and 
released lactic and glycolic acids might sped up the degradation.  
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Fig. 48: Relaxation time for strongly and weakly bonded water. 
 
 
 
 
Fig. 49: Amount and type of water in copolymer with 63 mol% ITA crosslinked for 
40 minutes. 
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Gel permeation chromatography 
Molecular weights and polydispersity indexes of ITA/PLGA–PEG–PLGA/ITA 
copolymers were measured by GPC before, after the crosslinking (Fig. 50) and 
after degradation (swelling) in ultrapure water. Molecular weights as well as PDIs after 
crosslinking considerably increased both with increasing amount of bonded ITA and time 
(Tab. 14). The biggest differences were observed in sample containing 63 mol% ITA 
crosslinked 40 minutes, when Mn was reduced after degradation in water (polymer network 
and chains fell apart), but PDIs were increased because there were various length of short-
chains. 
 
Tab. 14: Molecular weights and polydispersity indexes of ITA/PLGA–PEG–PLGA/ITA. 
ITA/PLGA–PEG–PLGA/ITA 
copolymer 
Before degradation After degradation 
Mn [g.mol
-1
] PDI Mn [g.mol
-1
] PDI 
37 mol% ITA original 7255 1.24 - - 
63 mol% ITA original 7394 1.21 - - 
37 mol% ITA cross. 5 min 7163 1.50 6568 1.50 
37 mol% ITA cross. 40 min 7483 1.56 6591 1.57 
63 mol% ITA cross. 40 min 8270 1.60 5990 1.71 
 
 
Fig. 50: GPC chromatograms of original ITA/PLGA–PEG–PLGA/ITA copolymer and 
copolymers with different amount of ITA and crosslinking time. 
 
Infrared spectroscopy 
Influence of the amount of bonded ITA and crosslinking time to the structural changes 
was detected by infrared spectroscopy (Fig. 51). Interesting changes in intensities were at 
wavelength of 2900 cm
-1
 (a) corresponded to –OH in carboxylic group. Original 
uncrosslinked sample contains conjugate double bond with carboxylic acid group. Peak of  
–OH is broad and it interferes with –CH bond vibration. Chemically crosslinked copolymers 
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contain separated peak 2965 cm
-1
 (b), which has single C–C bond neat the –COOH group. 
That can indicates, that the increasing time of crosslinking and amount of ITA leads 
to transformation of double C=C bond to the single C–C bond. Peak (c) at 1750 cm-1 
correspond to C=O group and peak (e) to C–O stretch. Decrease of double bonds in itaconic 
acid (RRC=CH2) at 1640 cm
-1
 (d) and formation of new bonds (RRC–CHR) at 795 cm-1 (f) 
were observed (Fig. 52).  
 
Fig. 51: Infrared spectra of original copolymers and copolymers crosslinked by method I. 
 
Fig. 52: Magnification of spectra in a region 1560-1680 and 700-900 cm
-1
. 
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Amount of bonded ITA and crosslinking time had significant effect on decrease 
of itaconic acid double bonds and formation of new bonds (Fig. 53).  Double bonds were 
reduced by 13, 18 and 33 % at copolymer with 37 mol% ITA crosslinked for 5 minutes, 
40 minutes and copolymer with 63 mol% ITA crosslinked for 40 minutes, respectively. 
Number of new bonds at samples in same order has increased by 17, 36 and 44 %.  
 
 
 
Fig. 53: Amount of double and new bonds in original and crosslinked copolymers. 
 
 
Thermogravimetric analysis 
As can be seen, crosslinked samples with chemical junctions had also better thermal 
stability (Fig. 54). Crosslinked samples started to degrade approx. from 239 °C, in 
comparison with original (noncrosslinked) copolymers, which degraded approx. at 220 °C 
(Tonset). For the copolymer with 63 mol% ITA, noticeably increased the temperature 
of the maximum rate of degradation of esters chains (Tdm
1
) and sligtly decomposition of ethers 
chains (Tdm
2
) from original 264 to 290 °C and 373 to 380 °C, respectively. By calculation 
of new step changes of the second peak at 344 °C, crosslinking conversion equal to 78.2 % 
was determined at samples crosslinked for 40 minutes with 63 mol% of ITA. At copolymers 
with 37 mol% ITA, temperature at maximum rate Tdm
1
 increaed from 276 to 286 and 293 °C 
for sample crosslinked for 5 and 40 minutes and decomposition of ether bonds (Tdm
2
) 
from 369 to 381 and 380 °C.   
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Fig. 54: Thermal stability of original (uncrosslinked) and crosslinked copolymers evaluated 
by thermogravimetric analysis. 
 
 
In next step, kinetics of crosslinking was investigated to determination of the optimal 
time for irradiation of samples.  
 
 
5.3.2 Kinetics of Crosslinking 
Series of samples from ITA/PLGA–PEG–PLGA/ITA copolymer with 67 mol% 
of bonded ITA were prepared by method II. Samples were crosslinked at 60 °C for 10, 20, 30, 
40 and 50 minutes and characterized by GPC, ATR-FTIR, TGA and DSC. Chosen samples 
were characterized by 
1
H NMR relaxometry. Properties of crosslinked samples were 
compared with original uncrosslinked sample. Also swelling behavior and degradation 
was evaluated.  
 
 Swelling Behavior and Degradation 
Hydrolytical stability and degradation of samples were measured in ultrapure water. 
Individual steps at swelling and degradation are described in previously swelling on page 58. 
Samples slowly absorbed water only up to 300 % at the beginning until third and sixth day for 
the sample crosslinked for 10 min and for other samples. They were probably more wetted 
than swelled. After that, samples started fast absorb water. Progress of swelling and 
degradation of all crosslinked samples is shown in Fig. 55. Results of maximum value 
of water uptake, its time and end of degradation are summarized in Fig. 56. After 30 minutes 
of crosslinking, time had not influence on water uptake and significant influence on swelling 
time.  
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Fig. 55: Swelling and degradation of ITA/PLGA–PEG–PLGA/ITA samples crosslinked for 
different time. 
 
 
Fig. 56: Maximum water uptake at swelling and times for water uptake and end 
of measurement. 
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1
H NMR relaxometry measurement 
Relaxometry measurement was performed at sample crosslinked for 10 and 40 minutes. A 
detailed mechanism of swelling and diffusion into samples was described in the “Swelling 
behavior and degradation” on the page 58. Procedure was same as was at previously 
relaxometry measurement (p. 60). Only bonded and free unbounded water were determined 
due to the large amount of data and complexity of calculations. Suma of both type of water 
give 100 % of present water. Measurement began after 2 hour from the addition of water. 
Sample crosslinked 10 min contained 8.5 % bonded water and sample crosslinked 40 min 
5.8 %. More crosslinked sample had denser network and rate of diffusion into sample and 
bonding of water were faster than at sample less crosslinked (Fig. 57). Maximum value 
of bonded water was 62 % at 7th day and 77 % at 8th day for more and less crosslinked 
sample. After these times, samples started degrade and free water increases.  Corresponded 
relaxation times for samples are shown in Fig. 58. 
 
 
 
Fig. 57: Amount and type of water in copolymers crosslinked for 10 and 40 minutes. 
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Fig. 58: Relaxation times for samples crosslinked 10 and 40 minutes. 
 
Gel permeation chromatography 
Molecular weights and polydispersity indexes of ITA/PLGA–PEG–PLGA/ITA 
copolymers were measured by GPC before, after the crosslinking (Fig. 59) and after 
degradation (swelling) in ultrapure water (Fig. 60). Molecular weights as well as PDIs after 
crosslinking increased up to 20 minutes (Tab. 15) and then they also do not change. It 
indicates that times higher than 20 minutes do not affect the effectiveness of crosslinking. 
 
 
Fig. 59: Chromatograms of original gel and crosslinked gel with different time of crosslinking 
before swelling and degradation. 
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Fig. 60: Chromatograms of original gel and crosslinked gel with different time of crosslinking 
after swelling and degradation. 
 
Tab. 15: Molecular weights and PDIs of crosslinked gels prepared by method I. 
ITA/PLGA–PEG–PLGA/ITA 
copolymer 
before swelling after swelling 
Mn [g
.
mol
-1
] PDI Mn [g
.
mol
-1
] PDI 
original 7878 1.270  -   -  
cross. 10 min 8664 1.109 7563 1.582 
cross. 20 min 8884 1.159 7756 1.635 
cross. 30 min 8983 1.102 7487 1.575 
cross. 40 min 8889 1.495 7360 1.608 
cross. 50 min 9170 1.521 7913 1.526 
 
 
Infrared spectroscopy 
Influence of the crosslinking time to the structural changes was detected by infrared 
spectroscopy (Fig. 61). Differences were observed at following peaks: (a) at 2900 cm
-1
  
corresponded to OH in carboxylic group, (b) at 2965 cm
-1
 corresponded to single C–C bond 
neat the –COOH group, (c) at 1750 cm-1 to  C=O groups, (d) at 1640 cm-1 to double bonds in 
itaconic acid,  (e) at 1250 cm
-1
 to C–O stretch and peak (f) at 795 cm-1 to new RRC–CHR 
bonds. Peak (a) at original copolymer is broad and –OH interferes with –CH bond vibration. 
With increasing crosslinking time up to 30 minutes, peak decrease and peak (b) for single   
C–C bond neat the –COOH group increased. Higher time again leads to disappearance 
of peak (b) and samples behave similarly to original uncrosslinked sample. Intensities of peak 
(c) increase with increasing time up to 30 minutes. Double bonds of itaconic acid (d) start 
break and reduce (Fig. 62), –COOH groups are more relaxed and vibrations for peak (c) are 
higher. 
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Fig. 61: Infrared spectra of copolymers crosslined by method II for different time. 
 
 
Fig. 62: Magnification of spectra for sample with different time of crosslinking. 
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Tab. 16 and Fig. 63 summarizes influence of crosslinking time on double and new bonds. 
Higher loss of double bonds and increase in new bonds was observed at crosslinking time 
20 minutes, when amount of double increased to 10 % and new bonds grew by 52 %. All 
results indicate that longer time of crosslinking above 20 minutes probably leads to β-scission 
and partially recombination of double bonds. 
 
 
Tab. 16: Amount of double and new bonds after crosslinking. 
Time of crosslinking 
[min] 
Double bonds 
[%] 
New bonds  
[%] 
0 67.0 0.0 
10 17.9 29.8 
20 10.0 52.3 
30 9.7 48.7 
40 52.7 17.5 
50 58.6 8.3 
 
 
 
Fig. 63: Amount of double and new bonds in original and copolymers crosslinked for 
different times. 
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Proton nuclear magnetic resonance (
1
H NMR) 
Original copolymer and sample crosslinked for 20 minute were characterized by NMR. 
Both copolymers had similar molecular weight equal to 5384 and 5348 g
.
mol
-1
 
for uncrosslinked and crosslinked sample. While original sample contains 67 mol% ITA, 
there was observed decreasing of double bonds after crosslinking and copolymer had only 
10 mol% of ITA. Conversion of crosslinking for 20 minutes was 85 %. 
 
Differential scanning calorimetry 
Samples were cooled to -50 °C and heated to 150 °C. Cycles were repeated for one time 
and glass temperatures were determined (Fig. 64). There was found similar trend as in the 
previous measurement and results. Temperature of glass transition increased from -3.5 to  
-2.2 °C at the sample crosslinked for 20 minutes. Density of network was higher together with 
interaction between chains. Due to β-scission and recombination of bonds in system, glass 
transitions decrease after 20 minutes of crosslinking. It is interesting, that glass transitions 
from second cycles were higher. It may be taken as annealing of samples during heating.      
 
 
 
 
Fig. 64: Glass transitions of crosslinked samples. 
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CONCLUSION 
The main aims of the presented work was synthesis and chemo-physical characterization 
of biodegradable triblock copolymers based on hydrophilic polyethylene glycol (PEG) and 
hydrophobic poly(lactic acid-co-glycolic acid) (PLGA) modified by itaconic anhydride (ITA). 
 
In the first part, PLGA–PEG–PLGA (ABA) and ITA/PLGA–PEG–PLGA/ITA  
(ITA–ABA–ITA) copolymers with PLGA/PEG ratio 1.5, 2.0, 2.5, 3.0 and LA/GA ratio equal 
to 2.0, 2.4 and 3.0 were synthetized by ring opening polymerization and purified. 
Composition, molecular weights and amount of bonded ITA were determined by 
1
H NMR 
spectroscopy. Results indicate that structure-controlled triblock copolymers were synthetized.  
Bonding of itaconic acid to ABA copolymer was confirmed by two dimensional  
1
H-
13
C HMBC-NMR spectroscopy, which provides information about correlation  
across 2-3 bonds. 
The second part deals with physical crosslinking of aqueous solutions of copolymers, 
which was examined in terms of several factors. Influence of copolymers composition 
(PLGA/PEG and LA/GA ratios) and functionalization by ITA on critical gel concentration 
(CGC) and critical gel temperature (CGT) were investigated. As for ABA copolymers, CGT 
decreased with increasing LA/GA molar ratio, CGC decrease with increasing PLGA/PEG 
weight ratio and both CGC and CGT decrease by ITA modification of ABA copolymers. 
Increasing of bonded ITA led to decreasing of CGC at ITA–ABA–ITA. Best modified sample 
for our application is copolymer with PLGA/PEG ratio equal to 2.0 and LA/GA ratio equal to 
3.0, which had critical gel temperature at 37 °C and can be used from 6 % w/v. 
The effect of solvents and purification method of ABA (ultrapure water, phosphate buffered 
saline with pH 7.4 or 9.0, dichloromethane/diethylether, and high vacuum) on gelation and 
rheological properties of 22 % v/w aqueous solutions were observed. Purifying solvents 
affected properties of ABA copolymer and physical bonds in aqueous solutions. Maximum 
value of storage modulus was the highest for copolymers purified by PBS 9.0 (153 Pa). 
Lower strength exhibited copolymers purified by PBS 7.4 (143 Pa) followed by purification 
with ultrapure water (87 Pa) and DCM/DEE (31 Pa). It is probably influenced by solubility 
of unreacted monomers and low molecular weight polymers. However, highest stiffness 
(535 Pa) of ITA-ABA-ITA hydrogels was found conversely at the copolymer purified by 
ultrapure water due to the strong hydrogen bonding within polymer micelles and possible 
carboxylic acid group dimerization.  
Influence of monomers purification on chemical and viscoelastic properties of ABA 
copolymer prepared from original and sublimated lactide and glycolide were compared. Both 
molecular weights determined by 
1
H NMR were comparable with theoretical molecular 
weight, but there were observed differences at individual sequences for LA-GA-LA triad. 
There were not significant differences between start and end of gelation. Micelles formed 
during gelation were stable and maximum value of storage modulus (G’max) slightly increased 
at copolymer prepared from original copolymer probably due to higher arrangement 
of poly(lactic acid) and poly(glycolic acid) in PLGA chains. 
 
The third and last part was focused on the chemical crosslinking of ITA–ABA–ITA 
copolymers by blue light without the presence of crosslinker. Effect of the amount of bonded 
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ITA and crosslinking time on swelling behavior (hydrolytical stability) and chemo-physical 
properties were evaluated. Samples were able to increase water absorbtion from 717 to 
3581 % by increasing the amount of bonded ITA from 37 to 63% and prolonging 
the crosslinking time from10 mins to 40 mins. Chemically stabilized samples completely 
degraded in water at room temperature after 10 to 32 days. The amount of three kinds 
of water (unbonded, weakly and strongly bounded) was determined by 
1
H NMR relaxometry. 
Structural changes, loss of double bonds and formation of new RRC–CHR bonds were 
determined by infrared spectroscopy. Transformation of double bonds to the single bonds 
was most evident at samples crosslinked for 40 minutes. Also thermal stability of samples 
was improved by an average of 21 °C.  
Due to the optimization of the crosslinking times the kinetics of crosslinking was 
observed in terms of TGA, DSC and ATR-FTIR. It was found, that the highest crosslinking 
efficiency exhibited sample crosslinked for 20 min. Prolonged crosslinking time affected 
the change in chemical structure  reducing thermal stability of ITA–ABA–ITA samples but 
improving the hydrolytical stability up to 32 days 
Since these samples might be used in drug delivery or tissue regeneration, attaching 
specific drugs or proteins to the ITA–ABA–ITA and control its release is the next step 
of the work. 
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FDA Food and Drug Administration 
FTIR Fourier transformed infrared 
G’ storage modulus 
G” loss modulus 
G’max maximum value of storage modulus 
GA glycolide 
GLP-1 glucagon like peptide 1 
GPC gel permeation chromatography 
HMBC heteronuclear multiple bond correlation 
IA itaconic acid 
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ISFET ion selective field effect transistor 
L-PLA poly(L-lactide) 
LA lactide 
LED light-emitting-diode  
LSC lyo screen control 
Mn number average molecular weight 
Mw/Mn polydispersity index 
MPEG poly(ethylene glycol) methyl ether 
13
C NMR carbon nuclear magnetic resonance 
1
H NMR proton nuclear magnetic resonance 
OSM sulfamethazine 
PBS phosphate buffered saline 
PCL poly(ε-caprolactone) 
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PDI polydispersity index 
PEG poly(ethylene glycol) 
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PHB polyhydroxybutyrate 
PHBV polyhydroxyvalerate 
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PLGA-PEG-PLGA poly(D,L-lactic acid-co-glycolic acid)-b-poly(ethylene glycol)-b- 
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Q degree of swelling 
ROP ring opening polymerization 
SR swelling ratio 
t time 
T1 spin-lattice relaxation time 
T2 spin-spin relaxation time 
Tdm
1
 temperature at maximum rate of degradation in first step 
Tdm
2
 temperature at maximum rate of degradation in second step 
Tm temperature of melting 
Tg temperature of glass transition of temperature  
Tonset initial degradation temperature  
TGA thermogravimetric analysis 
THF tetrahydrofurane 
TMS tetramethylsilane  
TTIM test tube inverting method 
UPW ultrapure water 
UV ultraviolet 
ΔW1 total weight loss of the end of first stage of degradation 
ΔW1 total weight loss of the end of second stage of degradation 
wd weight of dry hydrogel  
wd1 weight of dry hydrogel before washing 
wd2 weight of dry hydrogel after washing 
ws weight of swollen hydrogel 
WAXS wide-angle-X-ray scattering 
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